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INTRODUCTION 

The  overall  goal  of  this  project  is  to 
investigate  if  blockade  of  vascular  endothelial 
growth  factor  in  combination  with 
conventional  cytotoxic  agents  could  be  a  new 
innovative  treatment  regimen  for  hormone- 
refractory  prostate  cancer.  The  original 
proposal  had  to  specific  aims:  1 )  Evaluate  the 
angiogenic  potential  of  three  different  human 
prostate  cancer  cell  lines  as  well  as  of  tumors 
obtained  directly  from  surgical  samples,  and 
evaluate  the  efficacy  of  a  neutralizing  VEGF- 
antibody  to  inhibit  their  angiogenesis  and 
growth,  using  our  in  vivo  model  designed  for 
quantitative  studies  of  the  microvascular 
changes  associated  with  the  implantation  of  small  human  tumor  spheroids  in  skinfold 
chambers  of  nude  mice  (Fig.  1),  and  2)  Evaluate  combination  treatments,  combining  the 
anti-VEGF  antibody  with  Estramustine  phosphate  and  Etoposide  to  assess  effective 
curative  strategies  for  metastatic  prostate  cancer. 

During  the  period  January  1  to  April  1  1999,  we  worked  towards  the  first  specific 
aim,  i.e.,  to  evaluate  angiogenic  activity  of  some  human  prostate  cancer  cell  lines,  and  the 
ability  of  an  anti-VEGF  moAb,  to  block  their  angiogenesis. 

In  the  original  application  we  had  proposed  to  label  the  tumor  cells  with  an  in  vivo 
dye  (CMTMR).  This  technique  however  had  serious  limitations  in  that  the  labeling  lasts  at 
most  for  2  -  3  weeks,  where-after  it  becomes  very  difficult  to  assess  tumor  size.  Also,  we 
experienced  difficulties  to  distinguish  between  live  CMTMR  labeled  tumor  cells  and 
macrophages  that  had  engulfed  the  tumor  cells. 

In  the  last  few  years,  green  fluorescent  protein  (GFP)  has  become  one  of  the  most 
widely  used  tools  in  molecular  and  cell  biology.  The  fact  that  GFP  can  generate  an  internal 
highly  visible  fluorophore  has  made  it  a  tremendously  valuable  in  vivo  marker.  The 
development  of  GFP  localized  to  the  nucleus  (1)  has  made  GFP  labeling  even  more 
valuable,  in  that  it  allows  visualization  of  chromosome  dynamics  directly  in  vivo.  We  thus 
decided  to  implement  this  technique  to  our  system.  To  accomplish  this,  a  retroviral  H2B- 
GFP  vector  was  constructed. 

A  Histone-H2B-GFP  fusion  protein  vector  construct  provided  from  Dr  Wahl  at  the 
Salk  institute  was  subcloned  into  a  LXRN  vector  using  the  available  Kpnl  and  Notl  sites. 
This  retroviral  vector  was  transfected  along  with  a  VSVG  envelope  construct  into  GP-293 
cells.  Viral  supernatants  harvested  after  72  hours  were  concentrated  at  50,000xg  to 
generate  high  titer  retroviral  stocks  for  transducing  prostate  carcinoma  tissues  and  cell 
lines.  Cells  can  be  optionally  selected  for  drug  resistance  in  G418  following  transduction  in 
vitro.  We  have  to  date  transduced  DU  145,  three  PC3  variants  with  different  metastatic 
capacity,  and  two  LNCAP  variants.  We  have  also  established  collaboration  with  Dr. 
Sawyers  at  UCLA,  who  has  kindly  provided  one  of  his  early  human  prostate  carcinoma  cell 
lines  (LAPC  4)  (2).  The  LAPC  4  is  an  androgen  sensitive  prostate  cell  line  derived  from  a 
primary  tumor. 

Finally,  we  have  introduced  in  our  system,  a  murine  prostate  cell  line  TRAMP  C2, 
which  was  derived  from  transgenic  adenocarcinoma  mouse  prostate.  (3).  The  introducton 
of  a  syngeneic  model,  we  feel  is  very  important,  since  this  allows  us  also  to  use  this  model 
in  immunotherapy  studies.  The  LAPC  4  and  the  TRAMP  C2,  both  have  been  transduced 
with  H2B-GFP. 


Figure  1.  Cartoon  demonstrating  the  dorsal 
skinfold  technique  ih  nude  mice' 
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The  value  of  this 
labeling  technique  can 
not  be  over  emphasized. 

Not  only  does  it  allow  us 
to  evaluate  tumor  size 
with  very  high  accuracy, 
but  also,  it  allow  us  to 
assess  mitotic  and 
apoptotic  indices  of  the 
implanted  tumor  cells. 

Under  high  magnification, 
the  underlying  mecha¬ 
nisms  behind  chemo¬ 
therapy  and  angio-static 
mediated  tumor 

regression  such  as  cell 
cycle  arrest,  mitotic 
catastrophe,  or  apoptosis 
can  be  distinguished. 

Temporal  and  spatial 
relation  of  vessel  density 
to  cell  death  allows 
detailed  quantitative 
evaluation  of  regimen 
effectiveness.  We  believe 
that  the  ability  of  our 
system  to  continuously 
assess  apoptotic  indices  is 
of  great  importance  to 
clarify  the  mechanisms 

underlying  the  anticancer  effect  of  the  combination  of  estramustine  and  taxol.  Figure  2 
illustrates  the  usefulness  of  H2B-GFP  transfected  cells.  The  H2B-GFP  has  been  shown 
not  to  affect  cell  cycle  progression  in  vitro  (1),  however,  after  implantation  of  tumor 
spheroids  obtained  from  cells  transfected  with  the  H2B-GFP  fusion  protein,  we 
detected  very  high  apoptotic  indices,  especially  with  the  LNCAP  cell  line  which  has  wild 
type  p53.  This  was  a  severe  set-back,  but  we  finally  managed  to  resolve  this  issue. 
Localization  of  GFP  to  the  nucleus,  made  the  transfected  cells  very  light  sensitive. 
Once  diagnosed,  the  cure  was  quite  simple,  the  cover  slips  were  covered  with  black 
electric  tape.  With  covered  cover  slips  apoptotic  indices  decreased  significantly. 
However,  even  with  decreased  apoptotic  indices,  we  still  had  very  low  mitotic  indices. 

It  is  well  documented  that  the  stroma  plays  a  pivotal  role  in  prostate  cancer 
progression.  Prostatic  development  occurs  via  mesenchymal-epithelial  interactions  in 
which  urogenital  sinus  mesenchyme  induces  epithelial  morphogenesis,  regulating 
epithelial  proliferation  and  evoking  the  expression  of  epithelial  androgen  receptors  and 
prostate-specific  secretory  proteins  (4,  5).  The  presence  of  a  stromal  androgen 
receptor  is  required  for  this  effect  (4),  and  humoral  factors,  such  as  keratinocyte 
growth  factor  have  been  shown  to  be  mediated  in  stromal  epithelial  paracrine  fashion. 
The  adult  prostate  is  also  under  control  of  multiple  steroid  hormone  and  paracrine 
peptide  factors,  and  there  is  evidence  that  the  prostatic  stroma  plays  a  major  role  in 


Figure  2  Photomicrographs  iilustrating  the  usefulness  of 
H2B-GFP,  in  determining  tumor  size  (A,  B),  and  to  assess 
mitotic  and  apoptotic  indices  (C)  C  shows  a  dividing  cell, 
and  E,  and  F  mitotic  catastrophy  and  apoptotic  nuclea 
respectively.. 
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mediation  of  androgen  effects 
on  prostatic  epithelium.  Thus, 
prostatic  stromal  cells  are 
critically  involved  in  growth 
and  progression  of  prostate 
cancer.  Hence  it  is  not 
surprising  that  a  marginally 
tumorigenic  cell  line  such  as 
LNCaP  cells  acquires  much 
higher  tumorigenic  and 
metastatic  potential  after 
orthotopic  implantation  into 
the  prostate  (6).  Also 
hormone  independent  cell 
lines  (DU  145,  PC3)  become 
much  more  tumorigenic  and 
acquire  a  higher  rate  of 
lymph  node  metastasis  after 
orthotopic  rather  than  after 
subcutaneous  implantation 
(6). 

In  the  dorsal  skinfold 
chamber,  the  prostate  stroma 
of  course  is  absent,  and  in  an 
effort  to  develop  a  more 
“orthotopic  milieu"  for  the 
prostate  carcinoma  cells  in 
the  chamber,  we  decided  to 
try  and  implant  pieces  of 
mouse  prostate  from  a  donor 
mouse  into  the  chambers. 


Interestingly,  also 

adult  prostate  implanted  in  Figure  3  illusfrates  the  effects  of  transplanta^^^^^ 

_ ,  prostate  into  dorsal  skinfold  chambers  in  nude  mice.  The 

dorsal  skinfold  chambers  3  rhodamine  based  in 

evoked  a  dramatic  angio-  yj^Q  (cmtMR),  allowing  us  to  track  the  implanted 
genic  response,  and  10-14  prostate  ceils.  White  bar  equals  1.5  mm  in  left  panels  and 
days  after  implantation  the 

tissue  was  fully  re-vascularized  and  prostatic  secretions  could  be  visualized  within  the 
reformed  ducts  (Fig.  3).  The  fact  that  adult  prostate  induces  re-vascularization  makes  it 
a  unique  tissue.  No  other  adult  tissues  we  have  attempted  to  implant  in  the  chamber, 
induces  angiogenesis.  To  date  we  have  tried  lung,  kidney,  mammary  fat  pads,  and 
skin,  non  of  which  evoked  any  response.  Thus,  we  have  successfully  managed  to  re¬ 
establish  normal  adult  murine  prostate  tissue  into  dorsal  skinfold  chambers  of  nude 
mice.  We  hypothesized  that  the  introduction  of  the  stroma  would  greatly  improve 
growth  in  our  in  vivo  system.  This  was  true  for  the  murine  prostate  carcinoma  cell  line 
TRAMP  C2  the  mitotic  index  of  which  increased  dramatically  when  implanted  in 
chambers  primed  with  prostate  tissue.  However  we  noticed  no  major  differences  for 
human  cell  lines  implanted  with  or  without  prostate  tissue,  and  hypothesized  that 
“factors”  released  from  the  stroma  were  species  specific.  In  an  attempt  to  introduce 
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human  prostatic  “stroma 
factors”,  we  cultured  human 
fibroblasts  obtained  from  a 
thin  needle  biopsy  from  a 
patient  with  diagnosed 
prostate  carcinoma.  Tumor 
spheroids  were  then  made 
from  a  50/50  mixture  of  tumor 
cells  and  the  human  prostatic 
peri-tumoral  fibroblasts.  The 
introduction  of  human  fibro¬ 
blasts  resulted  in  significant 
increases  in  mitotic  indices, 
as  illustrated  in  Figure  4. 

In  April  1999,  nego¬ 
tiations  were  entered  into  to 
eliminate  scientific  overlap  in 
this  project  as  a  result  of  an 
additional  award  made  by  NCI. 
The  revised  Statement  of  Work 
was  accepted  on  July  14,  1999 
and  work  towards  the  revised 
aims  resumed.  Please  note 
that  all  work  on  the  project  was 
temporarily  stopped  during  the 
negotiation  period  of  April  1 
through  July  14,  1999, 

The  revised  aims  are: 
1)  Evaluate  the  angiogenic 
potential  of  tumor  tissues 
derived  from  human  prostate 
cancer  thin  needle  biopsies 
and  compare  with  established 
prostate  cancer  cell  lines. 
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Figure  4  Photomicrographs  obtained  from  dorsai 
skinfoid  chamber  impianted  with  a  50/50  mix  of  prostate 
fibrobiasts  and  DU  145  ceiis  transduced  with  H2B-GFP 
(A,  C).  Fibrobiasts  are  labeied  with  a  rhodamine  based 
dye  (CMTMR),  (B,  and  D).  White  bar  equais  85  (xm.  Paneis 
E  and  F  were  obtained  from  tumor  spheroids  obtained 
from  oniy  DU145  ceiis.  Arrows  in  A  and  C  iiiustrate 
mitotic  plates,  and  arrows  in  E  and  F  iiiustrate  apoptotic 
ceiis. 


Examine  the  capacity  of  a 

soluble  VEGF  receptor  fusion  protein  (fIt-IgG)  to  inhibit  their  angiogenesis  and  growth,  using 
our  in  vivo  model  designed  for  quantitative  studies  of  the  microvascular  changes 
associated  with  the  implantation  of  micro  tumors,  and  2)  Evaluate  combination  treatments, 
combining  the  fIt-IgG  with  Estramustine  phosphate  and  Taxol  to  assess  effective  curative 
strategies  for  prostate  cancer  biopsies  xenografts. 

We  are  presently  setting  up  production  of  the  soluble  VEGF  receptor  IgG  chimera 
(fIt-IgG)  in  quantities  sufficient  for  the  proposed  series  of  experiments.  Whole  murine  IgG 
constant  light  chain  was  fused  to  the  carboxy-terminus  of  the  extracellular  domain  of 
murine  fit  and  cloned  into  PCDNA3.  This  fit-IgG  chain  was  electoporated  into  SP2/0  non 
secreting  myeloma  line  and  clones  tested  by  ELISA  with  anti  mouse  constant  IgG 
(Pharmingen,  San  Diego).  The  high  producing  clone  will  be  grown  in  spinner  culture  and 
purified  using  the  monoclonal  anti-lg  constant  mAb  and  eluted  with  glycine.  The  purified  flt- 
IgG  will  be  tested  for  inhibition  of  VEGF  function  first  in  the  chamber  model  using  local 
administration  followed  by  systemic  administration  i.p. 
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We  will  also  attempt  to  achieve  VEGF  blockade  by  means  of  systemic  gene 
therapy,  and  are  in  the  process  of  constructing  an  adenoviral  vector  for  the  soluble  VEGF 
receptor  fit.  Two  different  fit  constructs  have  been  generated  for  use  in  the  anti 
angiogenesis  models.  The  first  is  the  naturally  occuring  murine  soluble  VEGF  receptor 
variant  (sfit),  which  we  have  successfully  cloned  from  adult  lung  and  kidney  cDNA  from 
C57BI/6  organs.  This  sfIt  is  a  naturally  occurring  variant  that  lacks  the  transmembrane 
domain  due  to  intron  retention  and  a  stop  codon  with  this  intron.  This  construct  has  been 
subcloned  into  an  adenoviral  shuttle  vector  for  recombination  and  transduction  either 
directly  in  the  chamber  or  into  circulation  for  production  by  the  liver.  In  addition,  we  have 
generated  a  murine  sfit  mouse  IgG  constant  light  chain  chimera  which  will  allow  us  to  purify 
large  quantities  of  sflt-IgG  using  an  anti  mouse  IgG  light  chain  monoclonal  antibody.  As  a 
means  to  provide  VEGF  blockade,  we  had  proposed  to  use  the  fIt-IgG,  however,  we 
have  also  started  a  collaboration  with  Sugen  Inc,  South  San  Francisco,  who  will  provide 
us  with  their  selective  VEGF  TK  inhibitor  (SU5416),  as  well  as  their  new  inhibitor 
SU6668,  which  inhibits  VEGF,  bFGF,  and  PDGF.  Studies  are  underway  using  the 
TRAMP  C2  model  to  evaluate  combination  treatment  regimens  combining  the  TK 
inhibitors  with  Estramustine  and  Taxol.  As  mentioned  above  the  use  of  this  syngeneic 
sustem,  allows  us  also  to  study  immune  therapy  in  combination  with  angiostatic  and 
conventional  chemotherpy. 

Regarding  thin  needle  biopsies  from  patients  with  prostate  tumors,  so  far  we  have 
processed  15  biopsies,  however  10  of  these  were  found  to  be  benign  prostate  hypertrophy 
(BPH).  Currently,  after  we  receive  the  specimens,  they  are  cultured  in  PBEM  (Clonetics, 
San  Diego  CA)  without  hydrocortisone,  until  the  proper  diagnosis  has  been  established.  In 
the  event  that  we  have  a  malignant  prostate  carcinoma,  the  biopsies  are  implanted  in  a 
dorsal  skinfold  chambers.  However,  we  have  experienced  very  slow  growth,  and  currently 
are  Investigating  the  possibilities  to  implant  the  biopsies  in  chambers  with  established 
murine  prostate  as  well  as  with  cultured  peri-tumoral  prostate  fibroblasts.  For  evaluation  of 
growth  of  the  biopsies,  we  have  used  the  in  vivo  dye  CMTMR,  however  due  to  it’s 
limitations,  we  are  presently  also  attempting  to  transduce  the  tumor  cells  in  situ  with  our 
retroviral  H2B-GFP  vector, 

KEY  RESERCH  ACCOMPLISHMENTS 

•  Construction  of  retroviral  H2B-GFP  vector 

•  Establishing  stable  H2B-GFP  clones  of  the  following  cell  lines;  DU145,  three  variants  of 
PC3,  two  variants  of  LnCAP,  LAPC  4,  and  TRAMP  C2 

•  Development  of  “pseudo-orthotopic”  in  vivo  model  to  study  angiogenesis  and  growth  of 
micro  tumors  of  prostate  carcinoma  implanted  in  nude  mice. 

•  Generation  of  two  different  fit  constructs  for  use  in  the  proposed  research. 

REPORTABLE  OUTCOMES 

None  to  report  at  this  time. 

CONCLUSIONS 

Though,  we  did  experience  a  number  of  setbacks  implementing  prostate  cell 
lines  to  our  in  vivo  system,  these  setbacks  have  now  all  been  resolved.  We  now  have 
a  unique  pseudo-ortotopic  in  vivo  model,  which  allow  us  to  evaluate  in  detail,  the 
underlying  mechanisms  behind  chemotherapy  and  angiostatic  mediated  tumor 
regression  such  as  cell  cycle  arrest,  mitotic  catastrophe,  or  apoptosis  in  prostate 
carcinoma.  Using  the  H2b-GFP  retroviral  systems  to  label  tumor  cell  populations,  and 
the  development  of  flt-IgG  and  sfit  gene  therapy  constructs,  we  are  now  well  prepared 
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to  examine  the  potential  synergy  of  angiostatic  therapies  with  and  without  standard 
chemotherapy  regimens.  We  strongly  feel  that  the  use  of  human  prostate  stromal  cells, 
as  well  as  normal  murine  prostate  tissue  transplanted  into  the  drosal  skinfold  chamber 
is  a  unique  model  by  which  to  study  prostate  tumor  growth.  Prostate  carcinoma  cells, 
which  are  notoriously  difficult  to  propagate  in  murine  models  and  are  heavily  dependent 
upon  stromal  factors,  have  been  enhanced  for  their  tumorigenic  potential  by  providing 
this  orthotopic  milleiu  of  both  human  and  murine  stromal  compnents.  We  believe  that 
this  system  is  superior  to  the  current  orthotopic  xenograft  protocols,  in  that  tumors  now 
can  be  observed  in  the  orthoptopic  environment  without  the  need  for  constant  histologic 
preparations  and  serial  sectioning  of  the  sacrificed  animals  at  different  time  points. 
Moreover,  the  critical  mechanism  based  questions  underlying  tumor  regression  under 
combinatorial  therapies,  are  now  well  within  our  reach. 
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Importance  of  VEGF  for  Breast  Cancer  Angiogenesis  in  Vivo: 
Implications  from  Intravital  Microscopy  of  Combination 
Treatments  with  an  Anti-VEGF  Neutralizing  Monoclonal  Antibody 

and  Doxorubicin* 

PER  B0RGSTR0M‘'\  DANIEL  P.  GOLD^  KENNETH  J.  HILLAN^  and  NAPOLEONE  FERRARA^ 

^ La  Jolla  Institute  for  Experimental  Medicine  11077  North  Toney  Pines  Road,  La  Jolla,  CA  92037; 

Genentech  Inc.  460  Point  San  Bruno  Boulevard,  South  San  Francisco  CA  94080, 
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Abstract.  In  the  present  study,  we  evaluated  the  effects  of  a 
neutralizing  anti-Vascular  Endothelial  Growth  Factor 
(VEGF)  mAh,  A4.6. 1(200  pg  twice  weekly,  i.p.),  on 
angiogenesis  and  growth  of  tumor  spheroids  of  human  breast 
cancer  cell  lines  (MCF-7,  ZR-75  and,  SK-BR-3)  in  nude  mice. 
Furthermore,  we  investigated  if  in  the  presence  of  effective 
VEGF  blockade,  a  conventional  chemotherapeutic  drug 
(doxorubicin,  (5  mg/kg,  weekly)  could  be  effective,  and  if  so 
would  there  he  an  additive  effect  of  the  combination  regimen. 
Tumor  Spheroids  were  implanted  in  dorsal  skinfold  chambers 
in  nude  mice.  Tumor  cells  were  pre-laheled  with  a  fluorescent 
vital  dye  (CMTMR),  which  allowed  the  estimation  of  growth 
of  implanted  tumor  spheroids.  FITC  (fluorescein 
isothiocyanate)-Dextran  was  used  to  evaluate  formation  of 
neo-vasculature  at  the  tumor  .site.  In  control  animals  all  three 
cell-lines  produced  extensive  neovasculature  and  there  was 
significant  tumor  growth  throughout  the  obseivation  period. 
Treatment  with  the  anti-VEGF  mAh  caused  significant 
suppression  of  angiogenic  activity  for  all  cell  lines,  stre.ssing  the 
critical  role  VEGF  plays  in  breast  tumor  angiogenesis. 
Doxorubicin  alone  reduced  the  growth  rate  of  MCF-7  cells, 
but  did  not  significantly  affect  angiogenesis.  Doxorubicin  in 
combination  with  A4.6.1  resulted  in  significant  tumors 
regression.  Histology  indicated  that  .some  chambers  lacked 
viable  tumor  cells  at  the  end  of  the  two  week  ohseivation 
period,  lending  strong  support  that  neutralization  of  VEGF  in 


*This  study  complies  with  NIH  guidelines  for  the  care  and  use  of 
laboratory  animals. 
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combination  with  conventional  cytotoxic  agents  could  be  a 
new  innovative  treatment  regimen  for  metastatic  breast  cancer. 

Targeting  tumor  microvasculature  has  become  the  focus  of 
great  interest  as  a  therapeutic  modality  for  the  treatment  of 
various  malignancies  since  first  proposed  by  Folkman  over 
twenty  years  ago  (1).  Vascular  endothelial  growth  factor 
(VEGF)  is  one  potential  target  for  the  inhibition  of  tumor 
neovascularization  as  it  is  produced  by  the  majority  of 
human  tumors  (2).  In  a  recent  study  (3),  we  showed  that  the 
blocking  anti  VEGF  mAb,  A4.6.],  completely  inhibited 
formation  of  neovasculature  and  suppressed  tumor  growth 
of  the  human  rhabdomyosarcoma  cell  line  A673  in  nude 
mice  following  an  initial  pre-vascular,  angiogenesis 
independent  growth  phase.  In  a  subsequent  study,  we 
demonstrated  that  A.6.4.1  also  caused  complete  inhibition 
of  angiogenesis  and  tumor  growth  of  the  prostate 
carcinoma  cell  line,  DU  145  (4). 

Recent  data  indicate  that  VEGF  is  secreted  by  human 
primary  breast  carcinomas  (5)  as  well  as  by  a  variety  of 
human  breast  carcinoma  cell  lines.  (6,  7,  8).  In  women  with 
breast  cancer,  there  is  a  significant  association  between 
microvessel  density  and  overall  survivals  as  well  as  relapse 
free  survival  in  both  node-negative  and  node-positive 
patients.  In  node-negative  patients,  microvessel  density 
correlates  better  with  relapse-free  survival  than  histological 
grade  (8,  9,  10),  making  tumor  microvessel  density  an 
excellent  prognostic  indicator.  In  addition,  release  of 
VEGF  by  breast  tumors  is  closely  associated  with 
promotion  of  angiogenesis  and  with  early  relapse  (9  ,11, 
12). 

Therapies  targeting  tumor  neo-vasculature  are  often 
efective  at  blocking  further  tumor  growth  and  metastatis. 
However,  small,  avascular  tumors  are  often  maintained  in  a 
“dormant”  state  (3,  13).  To  achieve  complete  eradication  of 
such  “dormant”  foci,  anti-  angiogenic  treatment  may  have 
to  be  combined  with  other  treatment  modalities  such  as 
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conventional  cytotoxic  drugs.  The  question  however  is 
whether,  in  the  presence  of  effective  anti-angiogenic  agents 
with  diminished  blood  perfusion  of  tumors,  conventional 
cytotoxic  drugs  can  be  effective. 

In  the  present  study,  we  utilized  intravital  microscopy  to 
evaluate  the  effectiveness  of  VEGF  blockade  alone  or  in 
combination  with  doxorubicin,  a  cytotoxic  agent  commonly 
used  in  the  treatment  of  breast  carcinoma,  to  eradicate 
tumors  of  human  breast  cancer  cell  lines  implanted  into 
nude  mice. 

Materials  and  Methods 

Preparation  of  tumor  spheroids.  The  human  breast  carcinoma  cell  lines 
MCF-7,  ZR-75,  and  SK-BR-3  were  grown  in  DMEM  (Dulbecco’s 
Modification  of  Eagle’s  Medium,  Gibco  Labs.,  Grand  Island,  NY) 
containing  10%  fetal  calf  serum  (PCS,  Gemini  Bioproducts  Inc., 
Calabasas,  CA).  Cultures  were  maintained  in  a  humidified  5%  C02 
atmosphere  at  37  oC.  Tumor  spheroids  were  prepared  as  described 
previously  (14).  Briefly,  suspensions  of  freshly  trypsinized  monolayers 
were  pre-labeled  with  (5-(and-6)-((4-chloromethyl)benzoyl)amino)- 
tetramethylrhodamine  (CMTMR,  Molecular  Probes  Inc.,  Eugene, 
Oregon).  Labeled  cells  were  washed  with  fresh  complete  medium 
(DMEM  -I-  10%  PCS).  A  volume  of  10  ml  complete  medium  was 
added  and  the  suspension  (15  X  106cells/ml)  placed  into  a  50  ml  flask 
and  rocked  on  a  gyratory  shaker  in  a  humidified  gas  mixture  of  5% 
C02  and  95%  room  air  at  37  oC.  After  48  -  72  hours,  round  and  solid 
tumor  spheroids  were  formed.  Selected  spheroids  of  similar  size  were 
washed  three  times  with  PBS  solution.  This  procedure  insured  that 
single  spheroids  of  similar  size  were  used  for  transplantation. 

Animal  model  and  surgical  techniques.  The  dorsal  skinfold  chamber  in 
the  mouse  was  prepared  as  described  previously  (15,  16).  In  brief, 
male  nu/nu  mice  (25-35  g  body  weight)  were  anesthetized  (7.3  mg 
ketamine  hydrochloride  and  2.3  mg  xylazine  /lOO  g  body  weight,  i.p.) 
and  placed  on  a  heating  pad.  Two  symmetrical  titanium  frames  were 
implanted  onto  a  dorsal  skinfold,  so  as  to  sandwich  the  extended 
double  layer  of  skin.  A  15  mm  full  thickness  layer  was  excised.  The 
underlying  muscle  (M.  cutaneous  max.)  and  subcutaneous  tissues  were 
covered  with  a  glass  cover  slip  incorporated  in  one  of  the  frames. 
After  a  recovery  period  of  2-7  days,  the  coverslip  of  the  chamber  was 
removed  and  tumor  spheroids  were  carefully  placed  over  the  upper 
tissue  layer  of  the  chamber  and  the  chamber  was  closed  again  with  the 
coverslip.  The  animals  were  housed  individually  in  a  room  maintained 
at  21-22°C  with  free  access  to  water  and  standard  laboratory  chow. 

Intravital  microscopy.  Unanesthetized  animals  were  immobilized  in  a 
plexiglass  tube  which  was  attached  to  the  microscope  stage  (Leitz, 
Biomed).  Fluorescence  microscopy  was  performed  using  a  Leitz 
Ploemopak  epi-illuminator  equipped  with  12  and  N2  filter  blocks  and 
video-triggered  stroboscopic  illumination  from  a  xenon  arc  (Strobex 
236,  Chadwick  Flelmuth,  Mountain  View,  CA).  Observations  were 
made  using  Nikon  X4  (numerical  aperture  =0.10),  Nikon  XIO 
(NA=0.30)  and  Leitz  X25  (NA=0.60)  objectives.  At  the  day  of 
spheroid  implantation,  an  overview  video  print  (Sony  Color  Video 
Printer  UP-  3000)  was  taken  using  a  Leitz  PL  1.6X  (NA=0.05) 
objective  and  the  position  of  the  implanted  spheroids  were  marked  to 
facilitate  future  localization  of  tumors.  Observations  were  performed 
3,  7,  and  14  days  after  implantation  of  the  spheroids  using  0.05-0.1  ml 
iv-injections  of  2.5%  FITC  (fluorescein  isothiocyanate)-Dextran 
500,000  (Sigma,  St.  Louis,  MO)  to  obtain  vessel  contrast 
enhancement.  The  dual  labelling  technique  allowed  precise 
identification  of  the  rhodamine-labelled  tumor  cells  and  the  study  of 
tumor  and  microvessel  growth.  A  silicon  intensified  target  camera 


(SIT68,  Dage-MTI,  Michigan  City,  IN)  was  attached  to  the 
microscope  and  connected  to  a  monitor  (Panasonic  TR-930).  The 
experiments  were  recorded  using  a  S-VHS  video  cassette  recorder 
(JVC  HR-S6600U)  for  off-line  analysis  of  spheroid  neo¬ 
vascularization. 

Angiogenic  activity  induced  by  the  implanted  tumor  spheroids  was 
evaluated  and  scored  according  to  below.  0.0  =  No  Response,  0.5  = 
Dilated  capillaries,  1.0  =  Dilated  and  tortuous  capillaries,  1.5  =  Early 
budding,  2.0  =  Extensive  budding,  2.5  =  Extensive  budding  starting  to 
form  vascular  network,  3.0  =  Early  vascular  networks  with  flow,  3.5  = 
Established  but  heterogenous  vascular  network,  4.0  =  Established 
vascular  network,  4.5  =  High  density  vascular  network,  5.0  = 
Extremely  high  density  vascular  network. 

Image  analysis.  For  each  spheroid,  recordings  were  made  using  the 
Leitz  X25  objective,  which  were  used  to  calculate  length,  area  and 
vascular  density  of  the  neovasculature  being  induced  by  the  implanted 
tumor  spheroids.  To  obtain  the  length  of  vessels  within  a 
microvascular  network  of  a  spheroid,  a  transparency  was  put  in  front 
of  the  monitor  and  a  drawing  was  made  using  a  pen  (Sanford, 
Sharpie),  taking  great  care  to  draw  all  vessel  segments  with  the  same 
line-width.  Vessels  from  all  focal  planes  within  the  microvascular 
network  were  drawn  on  the  same  transparency.  Since  the  first  signs  of 
angiogenesis  are  dilation  and  tortuosity  of  the  pre-existing  underlying 
muscle  capillaries,  the  transformed  muscle  capillaries  were  also 
included  in  these  drawings.  To  obtain  the  area  of  the  transformed  and 
newly  formed  vessels,  a  second  drawing  was  made  of  the  same 
segment  of  the  tumor.  In  this  drawing  the  line  width  had  the  actual 
thickness  of  each  vessel  as  displayed  on  the  TV  screen.  All 
transparencies  were  scanned  using  a  Hewlett-  Packard  Scanjet  Plus 
scanner.  The  total  number  of  black  pixels  was  measured  in  each  image 
file.  Assuming  equal  line-width  (drawing  1),  this  number  is 
proportional  to  the  length  of  the  vascular  network.  In  drawing  2,  the 
total  number  of  black  pixels  is  proportional  to  the  surface  area.  A 
calibration  curve  was  constructed  by  making,  with  the  same  pen, 
drawings  of  known  lengths  and  areas.  Linear  regression  analysis  were 
used  to  obtain  the  proportionality  constants  (R^>0.999)  for  each 
parameter,  under  different  magnifications.  Vascular  density  was 
calculated  by  dividing  the  length  of  each  vascular  network  by  the  area 
of  tissue  displayed  on  the  TV  screen.  Total  vascular  length  was 
calculated  by  multiplying  vascular  density  by  tumor  area.  Mean  vessel 
diameter  was  obtained  from  the  ratio  between  the  area  covered  by 
newly-formed  vessels  and  the  total  vascular  length. 

Histology.  Tissue  discs  were  fixed  in  4%  buffered  formalin  overnight. 
Representative  full  thickness  blocks,  taken  at  the  tumor  implant  site, 
were  processed  for  paraffin  embedding.  Five  micron  sections  were  cut 
for  staining  with  hematoxylin  and  eosin. 

Statistical  analysis.  The  data  was  submitted  to  Normality  and  Equal 
Variance  tests  which  revealed  normal  distribution.  Statistical  analysis 
was  made  using  analysis  of  variance  and  multiple  comparisons  tests. 
For  all  tests,  p  values  smaller  than  5%  were  considered  significant. 
Data  are  presented  as  mean  ±  SEM.  Statistical  calculations  were 
computed  with  an  statistical  software  package  (SigmaStat,  Jandel 
Scientific). 

Results 

Figure  1  shows  representative  photomicrographs  of  MCF-7 
cells  implanted  in  the  dorsal  skinfold  chamber.  The  left 
panels  were  obtained  with  the  X4  objective  (BG12  filter  for 
enhancement  of  •  red  blood  cells).  Right  panels  were 
obtained  with  the  X25  objective  (Plasma  enhancement 
obtained  with  FITC-dextran).  These  photomicrographs 
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illustrate  the  development  of  extensive  tumor 
neovasculature  after  implantation  of  a  microtumor.  Within 
a  day  after  implantation  the  first  signs  of  angiogenesis 
appear,  i.e.,  dilatation  and  tortuosity  of  underlying  muscle 
capillaries  (upper  panels)  and  shortly  after,  sprouts  start  to 
form  from  these  transformed  capillaries.  The  middle  panels 
show  the  subsequent  development  of  true  neo-vasculature 
that  matures  into  a  vascular  network  with  high  vascular 
density.  The  lower  panels  illustrate  formation  of  extensive 
vascular  network  at  the  tumor  site. 

Figure  2  illustrates  the  effects  of  blockade  of  VEGF  with 
the  anti-VEGF  mAb 

A.4.6.1  (A4.6.1  200  pg,  given  twice  weekly  i.p.)  on 
angiogenic  activity  induced  by  MCF-7  cells.  The  left  panels 
again  illustrate  the  high  angiogenic  activity  induced  by 
MCF-7  tumor  spheroids,  with  development  of  extensive 
neo-vasculature  during  the  two-week  observation  period. 
The  right  panels  illustrate  the  significant  suppression  of 
angiogenic  activity  accomplished  after  VEGF  blockade, 
reducing  extensive  vascular  networks  with  high  capillary 
density  in  tumors  of  control  animals  to  at  most  capillary 
budding  in  tumors  of  treated  animals. 

Similar  results  were  obtained  with  the  two  other  breast 
carcinoma  cell  lines,  ZR-75,  and  SK-BR-3  (Figures  3  and 
4). 

Compiled  data  in  terms  of  tumor  area  and  angiogenic 
activity  (arbitrary  units,  see  Methods)  for  the  three  cell 
lines  are  summarized  in  Figure  5.  Vertical  dotted  lines  in 
left  panels  indicate  transition  from  the  initial  pre-vascular 
angiogenesis  independent  growth  phase  (3  days)  to  the 
subsequent  angiogenesis  dependent  vascular  growth  phase. 
The  dashed  lines  in  the  right  panels  indicate  the  transition 
from  early  signs  of  angiogenesis  in  terms  of  morphological 
changes  of  pre-existing  capillaries  (dilation,  budding)  to 
formation  of  new  capillary  network. 

This  figure  illustrates  the  following  points;  a)  no 
inhibition  of  tumor  growth  occurs  during  the  initial  pre- 
vascular  growth  phase,  b)  no  significant  growth  of  tumors 
occurs  in  treated  animals  during  the  subsequent  vascular 
growth  phase,  and  c)  in  all  three  cell  lines  there  is 
formation  of  extensive  vascular  networks  in  tumors  of 
control  animals,  that  is  significantly  suppressed  to  at  most 
capillary  budding  after  A4.6.1  treatment,  i.e.,  complete 
inhibition  of  angiogenesis  (formation  of  true 
neovasculature). 

Our  previous  data  suggested  that  despite  the  complete 
inhibition  of  angiogenesis  and  tumor  growth  beyond  the 
initial  angiogenesis  independent  growth  phase  following 
treatment  of  animals  with  A4.6.1,  dormant  tumor  seedlings 
always  remained  (6).  We  therefore  also  tested  whether 
doxorubicin,  a  cytotoxic  agent  commonly  used  in  the 
treatment  of  breast  carcinoma,  in  comhiination  with  VEGF 
blockade,  would  be  a  more  effective  means  to  achieve 
complete  tumor  eradication  than  either  treatment  modality 


atone.  Thus  we  investigated  the  effect  of  the  blocking  anti- 
VEGF  mAb  A4.6.1  (200  pg  twice  weekly  i.p.),  doxorubicin 
(5  mg/kg  weekly  i.v.),  and  the  combination  of  the  two,  on 
growth  and  angiogenesis  of  tumor  spheroids  of  MCF-7  cells 
implanted  in  dorsal  skinfold  chambers  in  nude  mice. 

Figure  6  shows  representative  histology  of  MCF-7  tumors 
from  these  experiments.  Panel  A  -  Control  animals: 
Sections  showed  well  formed  nodules  of  poorly 
differentiated  tumor  abutting  on  the  deep  surface  of  sub¬ 
cutaneous  skeletal  muscle.  Tumor  cells  had  a  vaguely 
packeted  arrangement,  were  highly  pleomorphic  and 
frequent  mitotic  figures  were  seen.  A  prominent  angiogenic 
response  was  associated  with  all  tumors  (arrowed).  Panel  B 
-  A4.6.1  treated  animals:  Tumor  nodules  in  all  animals  were 
smaller  than  in  the  controls,  though  the  tumor  cells  had  a 
similar  cytological  appearance  to  untreated  animals.  In  two 
animals,  occasional  small  capillary  vessels  were  seen  at  the 
base  of  the  tumor,  in  the  other  two  animals  there  was  no 
evidence  of  angiogenesis.  Panel  C  -  Doxorubicin  treated 
animals:  The  appearance  of  the  tumor  cells  was  similar  to 
controls  and  the  tumor  nodules  were  vascularized 
(arrowed).  Panel  D  -  Combination  treatment,  A4.6.1  and 
doxorubicin:  The  appearance  of  the  tumor  nodules  in  these 
animals  was  similar  to  those  seen  in  groups  B  and  C.  Small 
vessels  at  the  base  of  the  tumor  were  observed  in  one  of  the 
four  animals. 

The  growth  of  tumors  in  the  various  treatment  groups 
over  time  is  shown  in  the  left  panel  of  Figure  7.  These  data 
illustrate  the  following  points:  a)  during  the  pre-vascular 
phase,  tumors  from  all  groups  grew  to  the  same  extent,  b) 
during  the  subsequent  vascular  phase,  tumors  in 
doxorubicin  treated  animals  continued  to  grow  although  at 
a  significantly  suppressed  rate  (p=0.011),  whereas  in  the 
A4.6.1  treated  animals  there  was  no  significant  growth  of 
tumors  (p=0.087).  More  importantly,  the  combination 
treatment  actually  resulted  in  shrinkage  of  tumor  spheroids 
(p<0.001),  and  histology  indicated  that  some  of  the 
chambers  actually  lacked  viable  tumor  cells  at  the  end  of 
the  two  week  observation  period. 

The  right  panel  of  Figure  7  depicts  angiogenic  activity. 
The  data  illustrate  that  in  animals  treated  with  anti-VEGF 
mAb  there  was  significant  suppression  of  angiogenic 
activity,  from  development  of  vascular  networks  with  high 
capillary  density  to  at  most  extensive  budding. 

Furthermore,  the  data  illustrate  that  doxorubicin  alone 
did  not  cause  any  significant  suppression  of  angiogenesis, 
and,  doxorubicin  given  with  the  anti-VEGF  mAb  further, 
interestingly,  enhanced  the  anti-angiogenic  effect  of  the 
anti-VEGF  antibody,  and  the  only  signs  of  angiogenesis  in 
this  group,  if  any,  were  slight  dilation  of  underlying  muscle 
capillaries. 

Figure  8  (left  panel)  shows  vascular  density  at  the  tumor 
site  at  day  14.  Vascular  density  (cm’^)  in  the  control. 
Doxorubicin,  A4.6.1,  and  combination  groups  were 
276.2±12.9,  225.0+18.2,  147.9±14.0  and,  69.7±23.6 
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Figure  2.  Representative  photomicrographs  illustrating  the  effect  of  the  blocking  anti-VEGF  mAh  A4.6. 1  on  MCF-7  tumor  spheroids  implanted  in  dorsal 
skinfold  chambers  in  nude  mice.  White  bar  equals  lOOum. 
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Figure  3.  Representative  photomicrographs  illustrating  the  effect  of  the  blocking  anti-VEGF  mAb  A4.6.1  on  ZR-75  tumor  spheroids  implanted  in  dorsal 
skinfold  chambers  in  nude  mice.  White  bar  equals  100pm. 
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Figure  4.  Representative  photomicrographs  illustrating  the  effect  of  the  blocking  anti-VEGF  mAb  A4.6.1  on  SK-BR-3  tumor  spheroids  implanted  in  dorsal 
skinfold  chambers  in  nude  mice.  White  bar  equals  100pm. 
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Figure  5.  Compiled  data  illustrating  the  effect  of  the  blocking  anti-VEGF  mAh  A4.6.1  on  growth  (tumor  area;  mm2)  and  angiogenic  activity  (arbitrary  units, 
see  Methods)  of  the  human  breast  cancer  cell  lines  MCF-7  (upper panels),  ZR-75  (middle  panels)  and  SK-B3-3  (lower panels),  implanted  in  dorsal  skinfold 
chambers  in  nude  mice. 


respectively.  The  data  illustrate  that  there  was  no 
significant  reduction  in  vascular  density  in  tumors  of 
doxorubicin  treated  animals  (p= 0.067;  ra.  control), 
however,  tumors  in  animals  given  the  combination 
treatment  had  significantly  lower  vascular  density  compared 
to  tumors  of  animals  in  the  A4.6.1  group  (p<0.001;  vj. 
A4.6.1).  Dashed  line  depicts  vascular  density  of  underlying 
muscle  capillaries  measured  from  8  preparations 
(208.4+17.3  cm'^). 


The  right  panel  of  Figure  8  shows  vascular  area  in 
percent  of  tumor  area.  Vascular  area  (%)  in  the  control, 
A4.6.1,  doxorubicin,  and  combination  groups  were 
26.2±1.3,  12.7±1.0,  17.2±1.3,  and  4. 4+2.8  respectively. 
Vascular  area  of  tumors  in  doxorubicin  treated  animals  was 
significantly  lower  than  that  of  tumors  in  control  animals 
(p<0.001),  due  to  a  significantly  narrower  vessel  diameter 
in  tumors  of  doxorubicin  treated  animals  7.9±1.5  vs. 
9.2±1.7;  p=0.05).  Vascular  area  of  tumors  in  animals 
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Figure  6.  Representative  histology  ofMCF-7  tumor  spheroids  from,  control  animals  (A),  A4.6.1  treated  animals  (B),  doxorubicin  treated  animals  (C),  and  animals  subjected  to  the  combination  treatment 
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Figure  7.  Compiled  data  illustrating  the  effect  of,  the  blocking  anti-VEGF  mAh  A4.6.1,  doxorubicin,  and  the  combination  of  the  two  on  growth  and 
angiogenesis  ofMCF-  7  tumor  spheroids  implanted  in  dorsal  skinfold  chambers  in  nude  mice.  The  vertical  dotted  line  in  the  left  panel  indicates  the  transition 
from  the  initial  pre-vascular  angiogenesis  independent  growth  phase  (3  days)  to  the  subsequent  angiogenesis  dependent  vascular  growth  phase  (11  days). 
Dashed  line  in  the  right  panel  indicates  transition  from  early  signs  of  angiogenesis  in  terms  of  morphological  changes  of  pre-existing  capillaries  (dilation, 
budding)  to  formation  of  new  capillary  network  (neo-vasculature). 


MCF-7  MCF-7 


.Figure  8.  The  left  panel  shows  vascular  density  at  the  tumor  site  (cmjcm^)  Dashed  line  depicts  capillary  density  of  underlying  muscle  capillaries.  Angiogenic 
activity  inA6.4.1  treated  animals  was  completely  inhibited  to  at  most  buddingThere  was  significant  reduction  of  vascular  density  in  tumors  ofA4.6.1  treated 
animals  but  no  significant  reduction  in  vascular  density  in  tumors  of  doxorubicin  treated  animals.  The  right  panel  shows  vascular  area  in  percentage  of 
tumor  area,  illustrating  that  tumors  of  animals  subjected  to  the  combination  treatment  had  significantly  lower  vascular  area  than  tumors  of  A4.6.1  treated 
animals. 
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subjected  to  the  combination  treatment  was  significantly 
lower  than  that  in  anti-VEGF  antibody  treated  animals 
(p=0.001).  Vascular  area  of  underlying  skeletal  muscle  was 
12.0  +  1.4%. 

Discussion 

Over  the  last  twenty  years,  numerous  growth  factors  have 
been  implicated  to  be  important  in  tumor  angiogenesis. 
However,  recent  data  now  suggests  that  VEGF  plays  a  very 
critical  role  at  least  for  certain  cancer  types.  Previously  we 
showed  that  for  the  human  rhabdomyosarcoma  cell  line 
A673  (3),  and  the  human  prostatic  cell  line  DU  145  (4), 
effective  blockade  of  VEGF  alone,  caused  complete 
suppression  of  tumor  angiogenesis  and  inhibited  further 
tumor  growth  beyond  an  initial  pre-vascular  angiogenesis 
independent  growth  phase.  We  also  have  unpublished  data 
demonstrating  that  angiogenesis  of  certain  colon  carcinoma 
cell  lines  (SW480,  MF-7),  is  completely  VEGF  dependent. 

Results  from  the  present  study  imply  that  VEGF  also 
plays  a  critical  role  in  breast  cancer  angiogenesis. 
Neutralization  of  VEGF  alone  is  sufficient  to  achieve 
complete  inhibition  of  human  breast  cancer  angiogenesis  in 
3  different  cell  lines,  causing  complete  cessation  of  tumor 
growth  beyond  the  pre-vascular  angiogenesis  independent 
growth  phase.  However,  our  results  also  clearly 
demonstrate  that  microscopic  dormant  tumor  colonies 
always  remain  even  after  effective  anti-angiogenic 
treatment.  These  findings  are  similar  to  those  of  our 
previous  study,  where  we  presented  histological  data 
demonstrating  that  the  morphological  appearance  of 
human  rhabdomyosarcoma  A673  cells  implanted  in  mice 
treated  with  a  neutralizing  anti-VEGF  mAb  was  similar  to 
that  observed  in  control  animals,  with  marked  nuclear 
atypia  and  frequent  mitotic  activity  with  mitotic  indices  in 
the  order  of  1-2%  in  tumors  of  both  control  and  treated 
animals  (3). 

O’Reilly  et  al  (13)  have  shown  that  systemic  treatment 
with  angiostatin;  an  angiogenesis  inhibitor  that  selectively 
instructs  endothelium  to  become  refractory  to  angiogenic 
stimuli,  caused  an  almost  complete  inhibition  of  tumor 
growth  in  mice.  Similar  to  our  studies,  tumors  in  angiostatin 
treated  mice  regressed  to  microscopic'  dormant  foci  in 
which  tumor  cell  proliferation  was  balanced  by  apoptosis. 

Importantly,  in  the  present  study  we  are  able  to  show  that 
the  dormant  colonies  remaining  after  VEGF  blockade  can 
be  further  reduced  by  combination  of  adriamycin. 
Adriamycin  (doxorubicin),  which  is  considered  to  be  one  of 
the  most  active  and  widely  used  agents  in  the  treatment  of 
breast  cancer,  causes  a  series  of  undesirable  side  effects 
that  include  cardiac  toxicity,  myelosupression  and  alopecia. 
In  the  present  study  5  mg/kg  given  i.v.,  given  weekly  was  a 
dose  that  gave  significant  growth  inhibition,  without  causing 
severe  side  effects. 

Our  data  illustrate  that  with  the  combination  regimen 


utilizing  complete  blockade  of  VEGF,  and  a  dose  of 
doxorubicin  that  does  not  cause  severe  side  effects,  tumor 
spheroids  actually  shrink,  and  histology  indicates  that  some 
of  the  chambers  lack  viable  tumor  cells  at  the  end  of  the 
two  week  observation  period. 

The  idea  to  combine  anti-angiogenic  therapy  with 
conventional  therapy  is  not  novel.  TNP-470,  a  synthetic 
analog  of  fumagillin  has  been  shown  to  significantly 
potentiate  the  effect  of  cyclophosphamidecytotoxic  (17). 
However,  TNP-470  does  not  result  in  complete  inhibition  of 
angiogenesis.  We  are  the  first  to  investigate  the 
consequences  of  a  combination  of  complete  inhibition  of 
tumor  angiogenesis  and  a  cytotoxic  agent  to  evaluate  if  such 
an  agent  could  be  effective  in  the  absence  of  tumor  neo¬ 
vasculature.  and  if  so  if  thee  would  be  an  additative  effect 
of  the  combination  regimen. 

In  conclusion,  results  from  the  present  study,  support  the 
concept  that  in  breast  cancer,  neutralization  of  VEGF 
causes  complete  inhibition  of  angiogenesis.  In  addition,  our 
data  show  that  even  with  complete  inhibition  of 
angiogenesis,  we  at  most  achieve  a  state  of  prolonged 
dormancy  of  malignant  cell  colonies.  However,  combination 
therapies  incorporating  complete  angiogenesis  inhibition 
and  conventional  chemotherapy  have  the  potential  to 
provide  therapeutically  effective  tumor  killing,  and  thus 
could  translate  to  new  innovative  treatment  modalities  to 
effectively  cure  metastatic  breast  cancer. 
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Abstract.  The  present  study  was  designed  to  test  the  hypothesis 
that  rhPF4  binds  with  high  specificity  to  the  neovasculature  of 
breast  cancer  carcinoma.  To  achieve  this  goal,  we  used  intravital 
microscopy  to  study  the  binding  characteristics  of  systemically 
injected  fiuorescently  labeled  rhPF4  (FITC-rhPF4)  to  the 
microvasculature  of  dorsal  skinfold  chambers  in  nude  mice 
implanted  with  tumor  spheroids  prepared  from  the  human  breast 
cancer  cell  line  MCF-7.  Our  results  show  that  intravenously  as 
well  as  intra-arterially  injected  FlTC-rhPF4  exclusively  labeled, 
with  high  intensity  and  specificity,  the  endothelium  of  the  breast 
cancer  induced  neovasculature.  Only  on  rare  occasions  (0.7  ± 
1.5  site  per  cm^  skinfold),  short  (37  ±  48  p.m)  intense  labeled 
sites  were  found  in  the  normal  vasculature  of  the  skinfold. 
Heparin  could  displace  most  of  the  label  if  injected 
within  10  min  after  the  rhPF4-injection,but  not  30  min  after.  In 
conclusion,  our  results  show  that  rhPF4  preferentially  binds  to 
regions  of  active  angiogenesis  in  vivo,  supporting  the  concept  of 
using  rhPF4  conjugates  to  target  tumors  in  cancer  patients. 
Certain  rhPF4  conjugates  could  have  applications  as  imaging 
agents,  with  potential  utility  in  identification,  screening, 
detection,  prognosis  or  staging  of  breast  cancer  and  other 
cancers.  Other  similar  conjugates,  bearing  therapeutic  isotopes 
or  toxins  might  be  useful  in  selective  treatment  strategies. 

Breast  cancer  is  the  most  commonly  diagnosed  cancer  and  the 
second  leading  cause  of  cancer  death  among  women  in  the 
United  States.  With  no  current  method  of  prevention 
available,  early  detection  of  breast  cancer  by  screening 
mammography  is  of  utmost  importance,  and  the  rate  of  breast 
cancer  detection  has  accelerated  due  to  the  ability  of 
mammography  to  identify  nonpalpable  breast  lesions  (1).  A 
comparison  of  the  results  of  clinical,  roentgenological, 
cvtological  and  thermographic  examination  of  breast  cancer 
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patients  shows  X-ray  to  be  the  most  effective  in  making  a 
reliable  diagnosis.  However,  thermography,  even  though  it 
gives  a  high  percentage  of  false-negative  and  false-positive 
results,  may  contribute  to  the  early  detection  of  breast  cancer 
and  to  the  identification  of  women  at  high  risk  of  developing 
breast  cancer,  since  thermography  detects  the  vascular 
responses  (angiogenesis)  associated  with  cancer  growth  (2). 

Tumor  growth  and  metastasis  are  angiogenesis-dependent. 
Virtually  all  solid  tumors  are  neovascularized  by  the  time  they 
are  detected.  Tumors  can  not  grow  beyond  a  certain  size 
without  angiogenesis  i.e.,  once  tumor  take  has  occurred,  every 
increase  in  tumor  cell  population  must  be  preceded  by  an 
increase  in  new  capillaries  that  converge  upon  the  tumor  (3, 
4).  Even  a  potentially  malignant  tumor  can  stay  in  a 
“dormant”  stage  for  a  number  of  years,  with  no  invasion  of 
surrounding  tissue.  The  critical  event  that  converts  such  a 
dormant  tumor  into  a  rapidly  growing  malignancy,  is  the 
switch  to  the  angiogenic  phenotype  demarcating  two  stages  in 
the  development  of  the  tumor  -  the  prevascular  phase  and  the 
vascular  phase  (5,  6).  In  breast  cancer  there  is  a  significant 
association  between  microvessel  density  and  overall  survival 
and  relapse  free  survival  in  both  node-negative  and  node¬ 
positive  patients.  In  node-negative  patients  microvessel 
density  correlates  better  with  relapse  free  survival  than 
histological  grade  (7). 

Many  antigenic  and  genetic  markers  have  been  proposed 
for  breast  cancer,  with  potential  utility  in  identihcation, 
screening,  prognosis,  detection,  or  monitoring.  Those  with  the 
greatest  promise  include  indicators  of  angiogenesis  (8).  rhPF4 
is  a  recombinant  protein  with  angiostatic  activity,  currently 
produced  in  E.  coli  in  sufficient  quantities  to  permit  extensive 
preclinical  and  human  testing.  It  has  low  acute  and  chronic 
toxicity  and  shows  no  clinically  adverse  reactions  in  human 
clinical  trials. 

In  a  previous  study  from  this  laboratory  (9)  we  compared 
the  binding  of  fiuorescently  (FITC)  labeled  rhPF4  to 
endothelial  cells,  in  culture  and  to  the  vasculature  of  the 
hamster  cheek  pouch  in  vivo.  We  found  that  binding  of  rhPF4 
along  the  vasculature  of  the  hamster  cheek  pouch  was  not 
uniform  as  would  have  been  predicted  from  the  in  vitro 
findings.  Instead,  we  found  a  low  frequency  of  short. 
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apparently  specific,  binding  sites  on  arterioles  and  venules, 
which  were  intensely  labeled  with  rhPF4;  A  tentative 
explanation  proposed  that  these  sites  were  regions  of  active 
angiogenesisJendothelial  cell  proliferation.  A  subsequent 
investigation  directly  evaluated  the  hypothesis  that  rhPF4 
preferentially  binds  to  regions  of  active  angiogenesis/ 
endothelial  cell  proliferation  (10).  In  that  study  we  adopted 
an  intravital  microscopic  model  using  the  hamster  skinfold 
preparation  with  implants  of  islets  of  Langerhans  as  inducers 
of  angiogenesis.  This  model  allowed  detailed  intravital 
microscopic  analysis  and  quantitative  evaluation  of  the 
revascularization  process.  Revascularization  of  implanted 
islets  is  complete  within  14  days  and  the  microvasculature  is 
similar  to  that  of  islets  in  situ,  appearing  as  glomerulus-like 
mlcrovascular  networks  morphologically  distinct  from 
preexisting  stable  microvasculature.  Using  fluorescence 
microscopy,  the  binding  and  distribution  of  intravascularly 
injected  FITC  labeled  rhPF4  on  newly  formed  vessels  was 
compared  to  that  of  the  normal  skin  vasculature.  The  results 
demonstrated  that  systemically  Injected  rhPF4  targets 
proliferating  vascular  regions  with  a  high  level  of  selectivity. 

We  have  since  developed  an  in  vivo  model  for  the 
quantitative  study  of  the  microvascular  changes  associated 
with  the  implantation  of  small  tumor  spheroids  in  skinfold 
chambers  inserted  in  mice  (ll).  The  model  allows  detailed 
repeated  in  vivo  observations  of  tumor  neovasculature  and 
permits  quantitative  evaluation  of  tumor  growth  and  tumor 
angiogenesis  in  vivo. 

The  aim  of  the  present  study  was  to  investigate  the 
potential  use  of  recombinant  platelet  factor  4  (rhPF4)  as  a 
marker  for  breast  cancer  angiogenesis  and  whether  the  use  of 
a  conjugated  form  of  rhPF4  as  a  contrast  medium  could 
enhance  or  improve  the  early  detection  of  breast  cancer. 
Furthermore,  since  vessel  density  is  an  independent 
prognostic  indicator  in  primary  breast-cancer  patients,  the  use 
of  a  rhPF4-conjugate  as  a  contrast  medium  also  could  provide 
valuable  information  on  which  to  base  aggressive  treatment 
decisions. 

Materials  and  Methods 

FITC  labeling  of  rhPF4.  5  mg  rhPF4  (Repligen  Corp.,  MA,  USA)  was 
diluted  in  10  ml  of  10  mM  sodium  phosphate  buffer  pH  7/150  mM  NaCl. 
The  protein  was  applied  to  a  5  ml  column  of  heparin-Sepharose,  and  the 
column  was  washed  with  2  volumes  of  sodium  phosphate  buffer.  A 
solution  of  10  mg/ml  of  6-(fluorescein-5/6-carboxamido)  hexanoic  acid 
succinimidyl  ester  (Molecular  Probes;  Eugene,  Oregon)  was  prepared  in 
dimethylsulfoxide.  Twenty  five  microliters  of  this  solution  was  diluted 
into  1  ml  of  sodium  phosphate  buffer  and  applied  immediately  to  the 
column  containing  the  absorbed  PF4.  After  1  h  at  23  °C  the  column  was 
washed  with  ~5  volumes  of  buffer  (until  the  eluant  was  no  longer 
yellow).  Then  the  protein  was  eluted  using  1.5  M  NaCl  in  10  mM  sodium 
phosphate  pH  7.  The  sample  was  dialyzed  vs  25  mM  sodium  acetate  pH 
4/150  mM  NaCl  using  dialysis  tubing  of  a  Mr=3000  cutoff  (Spectrum 
Inc.,  Laguna  Hills,  CA).  Amino  acid  analysis  indicated  0.66  mg/ml  which 
means  that  the  correct  concentration  is  0.8-0.9  mg/ml. 

Preparation  of  tumor  spheroids.  The  human  breast  carcinoma  cell  line 
MCF-7  was  grown  in  DMEM  (Dulbecco’s  Modification  of  Eagle’s 


Medium,  Gibco  Labs.,  Grand  Island,  NY)  containing  10%  fetal  calf 
serum  (FCS,  Gemini  Bioproducts  Inc.,  Calabasas,  CA).  Cultures  were 
maintained  in  a  humidified  5%  CO2  atmosphere  at  37”C.  Tumor 
spheroids  were  prepared  as  described  previously  (11).  Briefly, 
suspensions  of  freshly  trypsinized  MCF-7  monolayers  were  pre-labeled 
with  (5-(and-6)-((4-chloromethyl)benzoyl)amino)-tetramethylrhodamine 
(CMTMR,  Molecular  Probes  Inc.,  Eugene,  Oregon).  Labeled  cells  were 
washed  with  fresh  complete  medium  (DMEM  +  10%  FCS).  A  volume 
of  10  ml  complete  medium  was  added  and  the  suspension  (20  x  10® 
cells/ml)  placed  into  a  50  ml  flask  and  rocked  on  a  gyratory  shaker  in  a 
humidified  gas  mixture  of  5%  CO2  and  95%  room  air  at  37°C.  After  24  - 
48  hours,  round  and  solid  tumor  spheroids  were  formed.  Selected 
spheroids  of  similar  size  were  washed  three  times  with  PBS  solution  and 
taken  for  either  in  vivo  experiments  or  examination  by  light  microscopy. 
This  procedure  insured  that  single  spheroids  of  similar  size  were  used  for 
transplantation. 

Animal  model  and  surgical  techniques.  The  dorsal  skinfold  chamber  in  the 
mouse  was  prepared  as  described  previously  (11).  In  brief,  male  nu/nu 
mice  (25-35  g  body  weight)  were  anesthetized  (7.3  mg  ketamine 
hydrochloride  and  2.3  mg  xylazine  /lOO  g  body  weight,  i.p.)  and  placed  on 
a  heating  pad.  Two  symmetrical  titanium  frames  were  implanted  into  a 
dorsal  skinfold,  so  as  to  sandwich  the  extended  double  layer  of  skin.  A  15 
mm  full  thickness  layer  was  excised.  The  underlying  muscle  (M. 
cutaneous  max.)  and  subcutaneous  tissues  were  covered  with  a  glass 
cover  slip  incorporated  in  one  of  the  frames.  After  a  recovery  period  of 
2-7  days,  the  coverslip  of  the  chamber  was  removed  and  tumor  spheroids 
were  carefully  placed  over  the  upper  tissue  layer  of  the  chamber  and  the 
chamber  was  closed  again  with  the  coverslip.  The  animals  were  housed 
individually  in  a  room  maintained  at  21-22"C  with  free  access  to  water 
and  standard  laboratory  chow. 

Intravital  microscopy.  The  vasculature  of  the  skinfold  chamber  was 
observed  through  a  Leitz  Biomed  microscope  (Leitz,  Wetzlar,  Germany) 
using  lOX  (Nikon,  NA  0.3),  25X  (Leik  SW,  NA  0.6)  and  40X  (Olympus, 
NA  0.7)  salt  water  immersion  objectives.  Video  recordings  of  the 
microcirculation  were  obtained  from  a  silicon  intensified  target  camera 
(SIT68,  Dage-MTI,  Michigan  City,  IN,  USA),  projected  onto  a  monitor 
and  stored  on  tape  using  a  super- VHS  video  cassette  recorder  (JVC  HC- 
S6600U,  Japan).  A  time  reference  was  stored  on  each  frame  (VTG-33, 
FOR-A  Comp.  LTD,  Japan).  The  magnification  from  tissue  to  monitor 
was  about  800-fold  using  the  40X  objective,  which  was  utilized  for 
detection  of  fluorescent  binding. 

During  bright  field  transillumination  and  using  the  previously  taken 
photomicrographs  the  newly  formed  vessels  of  the  tumors  were 
identified.  The  newly  formed  vessels  were  easily  detected  since  they 
geometrically  contrasted  with  the  skinfold  vasculature.  The  latter  having 
mainly  straight  paraliel  capillaries  while  the  newly  formed  vessels  were 
more  circular  and  regularly  formed  a  network  lying  slightly  above  the 
focal  plane  of  the  normal  skinfold  vasculature. 

For  fluorescence  purposes  epi-illumination  was  used  employing  a 
Leitz  Ploemopak  epi-illuminator  equipped  with  an  12  filter  block  and 
video-triggered  stroboscopic  illumination  from  a  xenon  arc  (Strobex  236, 
Chadwick  Helmuth,  Mountain  View,  CA,  USA).  To  be  able  to 
quantitatively  follow  the  fluorescence  intensity  on  newly  formed  vessels 
with  time  the  above-mentioned  SIT-camera  was  set  in  a  manual 
sensitivity  mode.  This  enabled  a  linear  relationship  between  in  vivo 
fluorescent  intensity  and  gray  scale  brightness  to  be  recorded  on  the 
videotape  for  analysis  (see  below). 

Experimental  procedure.  On  the  day  of  the  experiment,  animals  which 
were  to  be  given  FlTC-labeled  rhPF4  I.V.,  were  administered  with  the 
desired  dose  in  the  tail  vein,  and  placed  in  the  Plexiglas  tube,  animals 
which  were  to  be  given  FITC  labeled  rhPF4  i.a.,  were  anesthetized  with 
an  i.p.  injection  of  a  mixture  of  Xylozine  (10  mg/kg)  and  Ketamine  (200 
mg/kg)  placed  on  a  servo-controlled  heating  pad  to  maintain  body 
temperature  at  37  °  C. 
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Figure  1.  Photomicrographs  of  MCF-7  tumor  spheroids  implanted  in  a  dorsal  skinfold  chamber  in  a  nude  mouse  3  and  14  days  after  implantation.  These 
photographs  illustrate  the  extensive  neo-vasculature  formed  at  the  tumor  site.  The  upper  right  panel  shows  pre-  existing  muscle  capillaries,  and  the  lower 
panel  the  high  density  capillary  density  at  the  tumor  site.  White  bar  equals  500  pm,  and  80  pm  in  left  and  right  panels  respectively 


The  left  carotid  artery  was  cannulated  for  injection  of  FlTC-labeled 
rhPF4.  The  animals  were  allowed  to  breathe  room  air  freely. 
Supplemental  anesthesia  was  given  i.p.  Vessels  exhibiting  normal  flow, 
as  opposed  to  sluggish  or  stagnant,  were  selected  for  study. 

Experimental  design.  In  the  first  series  of  experiments  (Group  1;  N=14), 
the  animals  were  used  6-10  days  after  implantation  of  tumor  spheroids 
when  considerable  neovasculature  had  already  formed  at  the  tumor  sites. 
The  FlTC-labeled  rhPF4  was  injected  into  the  tail  vein  in  doses  in  the 
range  from  1.5  to  15  mg/kg  at  a  concentration  of  0.9  mg/ml.  The  events 
in  the  vessels  were  recorded  continuously  during  the  first  5  min. 
Recordings  thereafter  were  made  at  15,  30,  60  and  120  min  after  rhPF4 
injection.  Each  of  14  animals  was  given  two  different  doses  with  an 
interval  of  two  days  in  between. 

In  the  second  series  of  experiments  500  U  heparin  was  given  in  the 
tail  vein  before  (N=2),  4-9  min  (N=3),  or  30  min  (N=3)  after  injection 
of  rhPF4.  The  same  registration  protocol  was  used  as  described  above 
for  the  animals  of  Group  1. 

In  the  third  series  of  experiments,  animals  were  first  given  FITC 
labeled  rhPF4  in  the  tail  vein  at  a  concentration  of  6  mg/kg,  two  days 
later,  they  were  given  the  same  dose  i.a.  The  same  registration  protocol 
was  used  as  described  above  for  the  animals  of  Group  1 . 

In  the  fourth  series  of  experiments,  the  binding  characteristics  of 
FlTC-rhPF4  injected  i.v.  were  evaluated  in  chambers  without  tumor 
implants  (N=6)  as  a  control.  These  chambers  were  scanned  over  in  an 
effort  to  find  intensely  lebeled  sites. 


Analysis  of  vascular  interaction.  In  order  to  investigate  the  intensity  and 
time  course  of  the  labeling  of  rhPF4  to  newly  formed  vessels  and  to  the 
normal  skinfold  vasculature,  the  vasculature  was  analyzed  off-line  from 
the  video  recording  using  photodensitometric  computer  software 
(Optimas  4.1,  Bioscan  Inc,  Edmonds,  WA).  The  software  also  allowed 
the  measurement  of  vessel  length. 

A  line  generated  on  the  video  screen  was  positioned  across  a  chosen 
vessel.  The  line  was  gray  scale  sensitive  along  its  entire  length  and 
generated  a  densitometric  value  pixel  by  pixel.  Due  to  the  labeling  of 
vessel  walls,  two  densitometric  peaks  were  obtained  for  each  cross- 
section,  which  contrasted  with  the  dark  lumen  of  the  vessel.  The  two 
peaks  were  identified  as  well  as  a  mean  of  the  lumen  value.  By  averaging 
the  two  peaks  and  subtracting  this  value  with  the  lumen  value,  one 
absolute  fluorescence  value  was  obtained  per  cross-section.  A  similar 
analysis  was  performed  with  unlabeled  vessels  of  the  normal  skinfold 
vasculature  to  obtain  a  background  value,  which  was  subtracted  from  the 
values  obtained  from  labeled  vessels.  For  each  tumor  and  for  each  time 
period  investigated,  4  subjectively  chosen  cross-sections  were  analyzed  in 
an  identical  manner.  For  each  time  period  chosen  the  mean  fluorescence 
value  was  computed,  resulting  in  one  mean  fluorescence  value  per 
animal.  Since  maximal  labeling  intensity  occurred  3-5  minutes  after 
rhPF4  injection,  and  our  previous  investigation  (10)  showed  that  plasma 
rhPF4  levels  out  after  5  minutes,  the  labeling  intensity  of  vessels  at  5  min 
was  set  to  100  %.  The  fluorescence  intensity  readings  at  15,  30,  60  and 
120  min  post-injection  was  then  expressed  as  a  percentage  of  the  reading 
at  5  min.  Half-life  of  labeling  intensity  was  calculated  from  the  slopes  (6) 
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Figure  2.  Photomicrographs  obtained  after  injection  of  6  mgjkg  FITC-rhPF4,  illustrating  the  selective  binding  of  FITC-rhPF4  to  newly  formed  tumor 
capillaries.  White  bar  equals  200  pm  in  lower  left  panel,  and  80  pm  in  the  other  panels. 


of  individual  intensity  curves  obtained  by  linear  regression  of  labeling 
intensity)  as  a  function  of  time.  Half-life  (T1/2)  was  calculated  as:  Ti/2= 
ln(2)/B. 

Documentation  of  vascular  interaction.  Representative  photomicrographs 
from  the  labeling  of  rhPF4  on  vascular  structures  were  obtained  off-line 
from  the  video  recordings  using  a  video  printer  (Sony  UP-3000,  Japan). 
In  some  cases  the  image  was  enhanced  for  clarity  of  presentation  using 
an  integrator  (Dage-MTI,  DSP  200,  Michigan  City,  IN,  USA). 

Statistical  analysis.  The  data  was  submitted  to  Normality  and  Equal 
Variance  tests,  which  revealed  normal  distribution.  Statistical  analysis 
was  made  using  analysis  of  variance  and  multiple  comparisons  tests.  For 
all  tests,/)  values  smaller  than  5%  were  considered  significant.  Data  are 
presented  as  mean  ±  SEM.  Statistical  calculations  were  computed  with 
an  statistical  software  package  (SigmaStat,  Jandel  Scientific). 


Results 

Figure  1  shows  photomicrographs  of  MCF-7  tumor  spheroids 
implanted  in  a  dorsal  skinfold  chamber  in  a  nude  mouse  3  and 
14  days  after  implantation,  demonstrating  the  temporal 
development  of  the  tumor  spheroid  and  associated 
neovasculature.  The  photomicrographs  were  obtained  with  a 
blue  filter  (BG12)  for  red  blood  cell  enhancement  (left  panels), 
or  alternatively  FITC-dextran  500  was  used  for  plasma 
enhancement  (right  panels).  The  development  of  extensive 
neovasculature  during  the  two  week  observation  period  was 
observed  on  a  regular  basis  (left  panels).  The  pre-existing 
muscle  capillaries  clearly  contrasted  with  the  high  density 
capillary  network  at  the  tumor  site  (lower  right  panel). 


4038 


Borgstrom  et  al:  Angiogenesis  Marker 


J. 


iiH  111  ,Mi  111 


Figure  3.  Representative  photomicrographs  obtained  5,  30,  60  and  120  min 
selective  FITC-rhPF4  labeling  of  tumor  capillaries.  White  bar  eqtials  30  /im. 


In  the  first  series  of  experiments,  FITC-rhPF4  was  injected 
i.v.  at  various  dose  levels  in  the  range  from  1 .5  to  15  mg/kg. 
Injections  were  given  between  6  and  10  days  after 
implantation  of  the  tumor  spheroids.  Figure  2  shows 
representative  photomicrographs  from  one  such  experiment 
(6  mg/kg),  illustrating  the  selective  binding  to  newly  formed 
tumor  capillaries.  Figure  3  demonstrates  the  time  course  of 
labeling  after  an  I.V.  injection  of  15  mg/kg  FITC-rhPF4.  The 
photomicrographs  were  obtained  5  min,  30  min,  Ih  and  2 
hours  after  the  injection,  illustrating  the  rapid  intense 
labeling  associated  with  the  neovascular  network  of  the  tumor 
obtained  after  i.v.  injection  and  the  decline  during  the  2  h 
observation  period.  Consistent  with  our  previous  studies  (9, 
10),  binding  of  FITC-rhPF4  to  other  vascular  sites  was 
generally  transient  and  of  substantially  lower  intensity  (data 
not  shown). 

At  each  dose  level,  fluorescence  associated  with  MCF-7 
induced  neovasculature  was  visible  and  quantifiable  at  the  5 
and  10  min  time  points  (Figure  4).  By  the  initial  time  point 
for  all  doses  the  plasma  phase  fluorescence  had  declined 
substantially  from  the  initial  pulse  of  plasma  fluorescence 
seen  within  30  sec  of  the  bolus  injection,  permitting  the  clear 
visualization  of  fluorescence  to  the  surface  of  the  vascular 
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after  injection  of  15  mg/kg  FlTC-rhPF4,  illustrating  the  time-course  of  the 


lumen.  Binding  to  non-  neovascular  capillary  endothelial 
surfaces  in  the  observation  field  was  generally  of 
significantly  lower  initial  intensity  and  essentially  fully 
depleted  by  the  initial  (5  min)  measurement  time  point.  The 
presence  of  fluorescence  specifically  associated  with  the 
neovasculature,  however  was  persistent  and  measurable  for 
up  to  2  h  in  the  neovasculature  of  animals  treated  at  6  to  15 
mg  rhPF4/kg  (Figure  4). 

The  maximal  luminescence  associated  with  the  neovascular 
sites  increased  almost  linearly  with  dose  over  the 
concentration  range  tested  at  the  earliest  ffme  points 
measured  (Figure  5).  These  data  imply  that  either  binding 
sites  were  not  saturated  at  the  highest  dose  levels,  or  that  the 
concentration  of  rhPF4  by  internalization  or  translocation 
processes  occurred  in  parallel  to  the  initial  binding  event. 

The  half  life  of  decay  of  fluorescent  signal  intensity  also 
increased  approximately  proportionally  to  dose  level  (Figure 
6)  further  suggesting  the  presence  of  a  dose  dependent 
sequestration  process.  The  initial  binding  of  fluorescently 
labeled  protein  (6  mg/kg  dose)  was  substantially  reversed  by 
administration  of  heparin  (5000  U/kg)  within 
5  minutes  after  FITC-rhPF4  injection.  Administration  of 
heparin  at  30  min  after  FITC-rhPF4  injection  failed  to 
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Figure  4.  Compiled  data  of  time  curves  obtained  after  1.  V.  injection  of 
FlTC-rhPF4  in  the  range  from  1.5  to  15  mgikg.  15  mg/kg  labeled  with  high 
intensity  and  specificity,  the  endothelium  of  the  neovasculature  induced  by 
the  MCF-7  cells.  The  lowest  dose  (1.5  mgikg)  was  clearly  visible  5  min  after 
injection  but  subsided  during  the  first  30  min. 


reverse  the  accumulation  of  fluorescent  signal  in  the 
neovascular  structures. 

No  significant  differences  were  seen  in  the  pattern,  timing 
or  intensity  of  neovascular  labeling  by  FITC-rhPF4  (6  mg/kg) 
between  intravenous  and  intra-arterial  administration  routes 
(data  not  shown). 

Discussion 

The  present  study  was  designed  to  test  the  hypothesis  that 
rhPF4  binds  with  high  specificity  to  neovasculature  of  breast 
cancer  carcinoma  grown  in  nude  mice  similar  to  results  seen 
with  non-tumor  induced  neovasculature  in  other  animal 
models  (9,  10).  Our  results  clearly  demonstrate  that  FITC- 
rhPF4  selectively  labels  the  neovasculature  of  small  tumor 
spheroids  of  the  human  breast  cancer  cell  line  MCF-7, 
implanted  in  dorsal  skinfold  chambers  in  nude  mice 
consistent  with  the  conclusion  that  rhPF4  preferentially  binds 
to  actively  dividing  endothelial  cells.  These  results  provide 
strong  support  for  the  use  of  rhPF4-binding  as  a  marker  for 
breast  cancer  angiogenesis  and  suggest  that  the  use  of  a 
conjugated  rhPF4  as  a  contrast  medium  could  facilitate  the 
early  detection  of  breast  cancer  with  high  neovascularity  and 
pathogenic  potential.  In  the  present  investigation,  the 
combined  use  of  video-microscopy  and  fluorescently  labeled 
rhPF4  allowed  us  to  characterize  in  detail  the  binding 
patterns  of  intravascular  rhPF4  in  growing  tumor  tissue  as  a 
model  for  its  possible  future  development  as  a  clinical 


Figure  5.  Maximum  luminance  showed  an  almost  linear  relabonship  in  the 
dose  range  from  1.5  to  15  mgikg,  indicating  no  saturation  in  labeling 
intensity. 


Figure  6.  Half-life  (T1I2)  as  a  function  of  dose  of  FlTC-rhPF4, 
demonstrating  an  almost  linear  increase  in  half-life  of  labeling  intensity. 


imaging  agent.  An  agent  with  distinct  selectively  for  binding 
to  new  or  active  vascular  growth  could  potentially  find  utility 
in  initial  diagnosis,  prognosis,  staging  and  treatment  of 
aggressively  growing  tumors  if  combined  to  powerful 
therapeutic  mbdalities. 
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A  comprehensive  knowledge  of  PF4  structural  features  has 
permitted  the  identification  of  several  preferred  conjugation 
sites  that  permit  the  covalent  modification  of  the  protein 
while  preserving  its  native  angiostatic  activity.  rhPF4 
conjugates  created  for  imaging  purposes  retain  their  ability 
to  block  endothelial  cell  proliferation  in  vitro  and  would 
presumably  also  produce  therapeutic  angio-inhibiting  effects 
at  its  binding  sites  that  could  be  potenffated  by  coupling 
powerful  therapeutic  isotopes  or  toxins  as  a  treatment 
strategy  coupled  to  the  novel  imaging  approach.  Other  similar 
conjugates  of  rhPF4  also  retain  biological  activities  based  on 
in  vitro  human  umbilical  vein  endothelial  cell  (HUVEC) 
proliferation  assay  (unpublished  data),  supporting  the 
concept  that  conjugates  with  appropriate  properties  can  be 
developed  for  in  vivo  roentgenological  or  MRI  examination 
techniques  as  well  as  novel  therapeutic  applications  or  in  vitro 
histological  staging. 

The  circulation  half-life  of  rhPF4  is  biphasic  and  consists  of 
a  2  minute  fast  phase  and  a  30  minute  terminal  phase  (9).  The 
rapid  plasma  clearance  rate  exhibited  by  core  protein  is  thus 
well  suited  for  development  as  a  targeting  molecule 
permitting  rapid  diagnostic  application  with  minimal 
background  plasma  noise. 

The  pharmacology  of  rhPF4  also  is  well  documented.  Its 
general  lack  of  toxicity  has  been  clinically  documented  in  at 
least  80  humans  in  the  presence  or  absence  of  heparin.  No 
dose-limiting  clinical  adverse  reactions  occurred  during  the 
first  24  h  or  within  7  days.  Acute  toxicity  assessments  at  100 
mg/kg  and  chronic  assessment  at  3.5  mg/kg  daily  for  28  days 
in  rabbits  showed  no  adverse  side  effects  specifically 
associated  with  rhPF4  treatment  (unpublished  data).  rhPF4 
has  been  tested  in  humans  as  a  heparin  reversal  agent  in 
multiple  clinical  settings  (12)  and  as  a  therapeutic 
angiogenesis  inhibitor  in  multiple  cancer  patient  populations 
(13).  Overall,  the  core  protein  has  been  well  tolerated  in 
these  studies,  supporting  its  further  expansion  as  a  basic 
plafform  for  the  development  of  novel  imaging  agents  or  its 
use  as  neovascular  tumor  drug  delivery  vehicle. 

In  a  recent  study  Ruoslahti  et  al  coupled  doxorubicin  to 
peptides  that  home  specifically  to  tumor  blood  vessels  and 
showed  that  the  effficacy  of  doxorubicin  was  enhanced 
against  human  breast  cancer  xenografts  in  nude  mice  (14). 
The  selectivity  of  rhPF4  binding  to  neovascular  endothelium 
might  also  offer  an  opportunity  to  reduce  the  toxicity  and 
improve  the  therapeutic  index  of  a  wide  variety  of 
chemotherapies  whose  utility  is  limited  by  their  nonspecific 
distribution  and  toxicity.  Recent  demonstrations  of  tumor 
vascular  indices  as  important  prognostic  markers  for  breast 
(7)  and  other  cancer  types  including  melanoma  (15),  prostate 
carcinoma  (16)  and  non-small-cell  lung  cancer  (17),  supports 
the  aggressive  exploration  of  agents  such  as  rhPF4  that 
selectively  binds  to  newly  established  capillary  beds.  If 
sufficient  sensitivity  and  specificity  can  be  established  in 
patients,  neovascular  targeting  agents  may  offer  an  important 
new  strategy  for  detection  of  occult  primary  tumors  and 


metastases  as  well  as  for  staging  of  tumors  detected  by  other 
means. 
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Neutralizing  Anti>Va$cular  Endothelial  Growth 
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BACKGROUND.  Neovascularization  mediated  by  growth  factors  produced  by  tumors  is 
critical  for  the  growth  of  tumors.  Vascular  endothelial  growth  factor  (VEGF)  is  one  such 
growth  factor.  A  neutralizing  anti-VEGF  antibody  (A4.$.l)  was  recently  shown  in  vivo  to 
inhibit  tumor  angiogenesis  and  growth  of  the  human  rhabdomyosarcoma  cell  line  A673.  The 
antibody  profoundly  changed  the  growth  characteristics  of  the  tumor  line  from  a  rapidly 
growing  malignarrcy  to  a  dormant  microcolony. 

METHODS.  In  the  present  study,  we  evaluated  the  effects  of  A4.6.I  (100  |a.g  twice  weekly, 
i.p.)  on  growth  and  angiogenic  activity  of  spheroids  of  the  human  prostatic  cell  line  DU  14S 
(diameter  700  p.m  at  implantation)  implanted  In  dorsal  skiiifold  chambers  in  nude  mice  (n  = 
11).  An  antibody  of  the  same  isotype  (n  =  5)  or  saline  (n  =  5)  was  used  as  control.  Tumor  cells 
were  prelabeled  with  a  fluorescent  vital  dye  (CMTMR),  which  allowed  measurement  of  size 
of  the  implanted  tumor  spheroids  throughout  a  two  week  observation  period.  FITC-dextran 
was  used  for  plasma  enhancement  to  visualize  angiogenic  activity. 

results.  Tumors  of  control  animals  induced  a  neo-vasculature  with  high  vascular  density 
(350  z  12  cm*’).  In  animals  treated  with  the  anti-VEGF  anHbody,  there  was  complete  inhlbi- 
tion  of  neovascularization  of  the  micro  tumors  and  complete  inhibition  of  tumor  growth  after 
the  initial  prevascular  angiogenesis  independent  growth  phase. 

CONCLUSIONS.  These  results  demonstrate  that  inhibition  of  the  key  regulatory  paracrine 
growth  factor  for  endothelial  cells,  VEGF,  results  in  complete  suppression  of  prostate  cancer 
induced  angiogenesis  and  prevents  tumor  growth  beyond  the  Initial  prevascular  growth 
phase.  Prostate  35^POO-WO,  1938.  ©  1998  Wiley-Liss,  Inc. 

KEY  WORDS;  vascular  endothelial  growth  factor;  anti-angiogenic;  angiostalic,  pros¬ 
tate;  human;  tumor  spheroid;  sldnfold;  intravital  microscopy 


INTRODUCTION 

Cancer  of  the  prostate  is  a  major  malignancy  in  men 
in  the  Western  world.  After  lung  cancer,  it  is  the  sec¬ 
ond  most  common  cause  of  death  due  to  cancer  in  the 
United  States.  By  the  time  prostate  cancer  is  diag¬ 
nosed,  about  30—60%  of  patients  have  local  extracap- 
sular  extension  or  distant  metastases  [1].  The  effective¬ 
ness  of  available  treatments  today  is  uncertain.  Stage 
C  and  stage  D  disease  are  often  incurable,  and  the 
efficacy  of  treatment  for  stage  B  prostate  cancer  is 
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doubtful.  Currently  available  evidence  about  the  ef¬ 
fectiveness  of  radical  prostatectomy,  radiation 
therapy,  emd  hormonal  treatment  derives  largely  from 
case  series  reports  without  proper  controls  [2-5],  Digi- 


Contract  grant  sponsor;  National  Institutes  of  Health;  Contract 
grant  number:  CA528751^ 

•Correspondence  to:  Per  Borgstr6m,  La  Jolla  Irtsdtube  for  Experi¬ 
mental  Medicine,  11077  North  Torrey  Pines  Road,  La  Jolla  CA 
92037 

Received  13  March  1997;  Accepted  11  June  1997 


PROD  #97-028 


tal  rectal  examination  (DRE)  was  the  principal  screen¬ 
ing  test  for  prostate  cancer  until  elevations  in  certain 
serum  tumor  markers  such  as  prostate-specific  einti- 
gen  (PSA)  became  a  new  means  of  screening  for  pros¬ 
tate  cancer  [6].  However,  with  current  screening  tech¬ 
niques,  there  is  no  evidence  that  screening  and  early 
detection  results  in  reduced  morbidity  or  mortality,  in 
part  because  few  studies  have  prospectively  examined 
the  health  outcomes  of  screening.  There  is  therefore  a 
great  need  for  improved  screening  techruques  as  well 
as  novel  means  to  treat  prostate  cancer. 

Recent  data  suggest  a  significant  association  be¬ 
tween  microvessel  density  and  overall  survival  and 
relapse-free  survival  [7].  Furthermore,  data  show  that 
an  angiogenesis  inhibitor  such  as  Linomide  sup¬ 
presses  not  only  growth  of  primary  tumors,  but  also 
metastatic  spread  as  well  as  the  growth  rate  of  estab¬ 
lished  metastases  [8—10].  These  data  strongly  suggest 
angiogenesis  as  a  novel  prognostic  indicator  and  an¬ 
giogenesis  inhibitors  as  new  effective  approaches  to 
treat  prostate  cancer. 

Vascular  endothelial  growth  factor  (VEGF)  is  a  po¬ 
tent  angiogenic  factor  that  has  been  identified  as  a  key 
regulatory  paracrine  growth  factor  for  endothelial 
cells  [11,12].  In  a  recent  study,  we  showed  that  treat¬ 
ment  with  a  blocking  monoclonal  antibody,  specific 
for  VEGF.  completely  inhibited  neovascularization  of 
microtumors  from  the  human  rhabdomyosarcoma  cell 
line  A  673  implanted  in  dorsal  skinfold  chambers  in 
Beige  mice  [13].  Furthermore,  the  anti- VEGF  antibody 
suppressed  the  growth  of  these  tumors  to  the  extent 
that  tumors  implanted  in  treated  animals  could  not 
grow  beyond  a  critical  volume  of  <1  mm®;  that  is,  the 
anti- VEGF  antibody  dramatically  changed  the  growth 
characteristics  of  the  tumor  line  from  being  a  rapidly 
growing  malignancy  to  being  a  dormant  micro  colony. 

Recent  data  have  demonstrated  that  prostate  cell 
lines  secrete  VEGF  in  vitro  [14,15],  but  to  date  little  is 
known  about  the  role  of  V1EGF  in  In  vivo  prostate 
cancer  angiogenesis.  The  purpose  of  the  present  study 
was  to  determine  whether  angiogenesis  induced  by 
human  prostatic  cancer  cells  can  be  suppressed  by 
blockade  of  VEGF.  To  achieve  this  goal,  micro- 
spheroids  of  the  human  prostatic  cell  line  DU  145  were 
implanted  in  dorsal  skiniold  chambers  in  nude  mice 
that  were  either  treated  with  the  anti-VEGF  antibody 
A4.6.1,  a  control  antibody  of  the  same  isotype  (6E10) 
or  saline  given  by  the  Lntraperitoneal  route  twice 
weekly. 

METHODS 

Preparation  of  Tumor  Spheroids 

The  human  prostate  cell  line  DU  145  was  grown  in 
Dulbecco's  Modification  of  Eagle's  Medium  (DMEM) 


Fig.  i.  Cartoon  illustrating  the  dorul  skinfold  chamber  in  nude 
mice.  This  model  permits  detailed  repeated  in  vivo  observations  of 
angiogenesis  and  permits  quantitative  evaluation  of  tumor  growth 
and  tumor  angiogenesis  in  vivo. 

(GIBCO,  Grand  Island,  NY)  containing  10%  fetal  calf 
serum  (PCS)  (Gemini  Bioproducts,  Calabasas,  CA). 
Cultures  were  maintained  in  a  humidified  5%  CO, 
atmosphere  at  37"C.  Tumor  spheroids  were  then  pre^ 
pared  as  described  previously  [13].  Briefly,  individual 
cells  were  prelabeled  With  (5-(and-6)-(((4-chloro~ 
methyI)benzoyl)amino)telra  methylrhodamine 
(CMTMR)  (Molecular  Probes,  Eugene,  OR)  in  a  sus¬ 
pension  of  trypsinized  DU  145  monolayer  cells.  La¬ 
beled  cells  were  then  washed  with  fresh  complete  me¬ 
dium  (DMEM  +  10%  FCS).  A  volume  of  10  ml  com¬ 
plete  medium  was  added  and  the  suspension  (2  x  10^ 
cells/ml)  placed  into  a  2S-ml  flask  and  rocked  on  a 
gyratory  shaker  in  a  humidified  gas  mixture  of  5% 
COj  and  95%  room  air  at  37“C.  After  48-72  hr,  round 
and  solid  tumor  spheroids  were  formed.  Selected 
spheroids  with  similar  diameters  were  then  washed 
three  times  with  phosphate-buffered  saline  (PBS)  so¬ 
lution.  A  handpicking  procedure  insmed  single  sphe¬ 
roids  of  similar  size  for  transplantation. 


Animal  Model  and  Surgical  Techniques 

The  dorsal  skinfold  chamber  in  the  mouse  (Fig.  1) 
was  prepared  as  described  in  detail  previously  [16,17]. 
In  brief,  male  Beige  nude/xld  mice  (25-35  g  body 
weight)  were  anesthetized  (7.3  mg  ketamine  hydro¬ 
chloride  and  2.3  mg  xylazine/100  g  body  weight,  i.p.) 
and  placed  over  a  heating  pad.  Two  symmetrical  tita- 
ruum  frames  were  implanted  onto  a  dorsal  skinfold  so 
as  to  sandwich  the  extended  double  layer  of  skin.  One 
layer  was  completely  removed  in  a  circular  area  of  15 
mm  in  diameter.  The  underlying  thin  layer  of  muscle 
(M.  cutaneous  max.)  exnd  the  subcutaneous  tissue  were 
covered  with  a  coverslip  incorporated  in  one  of  the 
frames.  After  a  recovery  period  of  2-7  days,  the  cov¬ 
erslip  of  the  chamber  was  removed  and  spheroids 


were  carefully  placed  over  the  upper  tissue  layer  of 
the  chamber  and  the  chamber  was  closed  again  with 
the  coverslip.  The  ztnimals  were  housed  individually 
in  a  room  maintained  at  21— 22°C  with  free  access  to 
water  and  standcird  laboratory  chow. 

Treatmenc  Regimen 

A  neutralizing  monoclonal  anti-VEGF  antibody 
A-4.6.1  [11]  was  injected  by  the  intraperitoneal  route  at 
a  dose  of  ICX)  mg  twice  weekly,  starting  the  day  of 
tumor  implantation.  As  controls,  an  antibody  of  the 
same  isotype  (6E10)  or  PBS  were  used. 

IntravitaJ  Microscopy 

Unanesthetized  artimals  were  immobUlzed  in  a 
plexiglass  tube  attached  to  the  microscope  stage  (Le- 
itz,  Biomed).  Fluorescence  microscopy  was  performed 
using  a  Leitz  Ploemopak  epi-illuminator  equipped 
with  12  and  hJ2  filter  blocks  and  video-triggered  stro¬ 
boscopic  illumination  from  a  xenon  arc  (Strobex  236, 
Chadwick  Helmuth,  Mountain  View,  CA).  Observa¬ 
tions  were  made  using  Nfikon  x4  (numerical  aperture 
=  0.10),  Nikon  xlO  (NA  =  0.30)  and  Leitz  x25  (NA  = 
0.60)  objectives.  At  the  day  of  spheroid  implantation, 
an  overview  video  print  (Sony  Color  Video  Printer 
UP-3000)  was  taken  using  a  Leitz  PL  1.6X  (NA  =»  0.05) 
objective,  and  the  position  of  the  implanted  sph€!roids 
was  marked  to  facilitate  future  localization  of  tumors. 
Observations  were  performed  at  3,  7,  amd  14  days  after 
implantation  of  the  spheroids,  using  0.05-  to  0.1-mI 
intravenous  injections  of  2.5%  fluorescein  isothiocya¬ 
nate  (FITC)-Dextran  500,000  (Sigma  Chemical  Co.,  St. 
Louis,  MO)  to  obtain  vessel  contrast  enhancement. 
The  dual  labeling  technique  allowed  precise  identifi¬ 
cation  of  the  rhodamine-labeled  tumor  cells  amd  the 
study  of  tumor  and  microvessel  growth.  A  silicon- 
intensified  target  camera  (Srr68,  Dage-MTI,  Michigan 
City,  IN)  was  attached  to  the  microscope  and  con¬ 
nected  to  a  monitor  (Panasonic  TR-930).  The  experi¬ 
ments  were  recorded  using  a  S-VHS  video  cassette 
recorder  (JVC  HR-S6600U)  for  off-line  analysis  of 
spheroid  neo-vascularization. 

Angiogenic  activity  induced  by  the  implanted  tu¬ 
mor  spheroids  was  evaluated  and  scored  as  follows: 
0.0,  no  resporrse;  0.5,  dilated  capillaries;  1.0,  dilated 
cund  tortuous  capillaries;  1.5.  early  budding;  2.0,  exten¬ 
sive  budding;  2.5,  extensive  budding  starting  to  form 
vascrrlar  network;  3.0,  early  vascular  networks  with 
flow;  3.5,  established  but  heterogenous  vaiscular  net¬ 
work;  4.0,  established  vascular  network;  4.5,  high- 
density  vascular  network;  and  5.0,  extremely  high- 
density  vascular  network. 
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Image  An2jys{s 

For  each  spheroid,  recordings  were  made  using  the 
Leitz  x25  objective,  which  were  used  to  calculate  the 
length,  area,  and  vasculau;  density  of  the  neovascula¬ 
ture  induced  by  the  implanted  tumor  spheroids.  To 
obtain  the  length  of  vessels  within  a  microvascular 
network  of  a  spheroid,  a  trar«parency  was  put  in  front 
of  the  monitor,  and  a  drawing  was  made  using  a  pen 
(Sanford,  Sharpie),  taking  great  care  to  draw  all  vessel 
segments  with  the  same  linewidth.  Vessels  from  all 
focal  planes  within  the  microvascular  network  were 
drawn  on  the  same  transparency.  Since  the  first  signs 
of  angiogenesis  are  dilation  and  tortuosity  of  the  pre¬ 
existing  underlying  muscle  capillaries,  the  trans¬ 
formed  muscle  capillaries  were  also  included  in  these 
drawings.  To  obtain  the  area  of  the  transformed  and 
newly  formed  vessels,  a  second  drawing  was  made  of 
the  same  segment  of  the  tumor.  In  this  drawing  the 
line  width  had  the  actual  thickness  of  each  vessel  as 
displayed  on  the  TV  screen.  All  transparencies  were 
scanned  using  a  Hewlett-Packard  Scanjet  Plus  Scan¬ 
ner.  The  total  number  of  black  pixels  was  measured  in 
each  image  file.  Assuming  equal  linewidth  (drawing 
1),  this  number  is  proportional  to  the  length  of  the 
vascular  network.  In  drawing  2,  the  total  number  of 
black  pixels  is  proportionej  to  the  surface  area.  A  cali¬ 
bration  curve  was  constructed  by  making,  with  the 
same  pen,  drawings  of  known  lengths  and  areas.  Lin¬ 
ear  regression  analysis  were  used  to  obtain  the  pro¬ 
portionality  constants  (R®  >0.999)  for  each  parameter, 
under  different  magnifications.  Vascular  density  was 
calculated  by  dividing  the  length  of  each  vascular  net¬ 
work  by  the  area  of  tissue  displayed  on  the  TV  screen. 
Total  vascular  length  was  calculated  by  multiplying 
vascular  density  by  tumor  area.  Mean  vessel  diameter 
was  obtained  from  the  ratio  between  the  area  covered 
by  newly-formed  vessels  and  the  toted  vascular  length. 
Tumor  volume  (V)  was  calculated  according  to  V  = 
2/3  X  A  X  h,  where  A  is  the  tumor  area  and  h  the 
thickness  of  the  tumor.  In  preliminary  experiments, 
spheroid  thickness  after  implantation  was  estimated 
as  40.5  ±  11.7%  of  the  tumor  diameter. 


Histology 

Tissue  discs  were  fixed  in  4%  buffered  formalin 
ovemi^fc  Representative  full-thickness  blocks,  taken 
at  the  tumor  implant  site,  were  either  processed  for 
paraffin  embedding  or  immersed  ovemigjht  in  15%  su¬ 
crose  and  then  frozen  and  embedded  in  OCT  medium; 
5-p.m  sections  were  cut  at  10O-|j.m  intervals  from  each 
and  stained  with  hematoxylin  and  eosin  (H&E). 
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Statistical  Analysis 

The  data  were  submitted  to  Normality  and  Equal 
Variance  tests  which  revealed  normal  distribution. 
Statistical  emcilysis  was  made  using  analysis  of  vari¬ 
ance  and  multiple  comparisons  tests.  For  all  tests,  P 
values  smaller  than  5%  were  considered  significant. 
Data  are  presented  as  mezin  ±SEM.  Statistical  calcula¬ 
tions  were  computed  with  an  statistical  software  pack¬ 
age  (SigmaStat,  Jzmdel  Scientific). 

RESULTS 

Tumor  spheroids  of  the  human  prostate  ceU  line 
DU  145  with  an  initial  diameter  of  about  700  mm  were 
implanted  in  dorsal  skinfold  chambers  in  nude  mice 
(Fig.  1).  In  one  group  of  animals  (n  =  11)  the,  neutral¬ 
izing  monoclonal  anti-VEGF  antibody  A.4.6.1  was  in¬ 
jected  by  the  intraperitoneal  route  at  a  dose  of  100  mg 
twice  weekly,  starting  the  day  of  tumor  implantation. 
As  controls,  an  antibody  of  the  same  isotype  (6E10)  (n 
=  5)  or  PBS  (n  =  5)  was  used. 

Figure  2  shows  representative  photomicrographs  of 
tumor  spheroids  from  these  experiments.  Figure  2  (top 
left)  presents  an  overview,  obtained  at  the  day  of  im¬ 
plantation  using  the  Leitz  1.6x  objective  (epi- 
illumtnation,  N2  filterblock),  illustrating  the  in  vivo 
labeling  of  tumor  cells  with  CMTMR.  To  facilitate  lo¬ 
calization  of  the  tumor  spheroid,  over  the  existing  mi- 
crovasculair  network,  simultaneous  transillumination 
with  filtered  blue  light  (BG12)  is  superimposed.  Figure 
2  (top  right)  shows  the  tumor  spheroids  at  3  days  after 
implantation,  using  the  Nikon  4x  objective  (epi- 
illumination,  N2  filterblock).  Figure  2  (middle  left), 
obtained  with  the  Nikon  lOx  objective  (epi- 
illumination,  N2  filterblock)  illustrates  the  intense 
CMTMK  labeling  of  tumor  cells  at  7  days  after  implan¬ 
tation.  Figure  2  (middle  right)  shows  the  same  tumor 
spheroid  using  epi-illumination  (N2  filterblock)  with 
FITC-dextran  to  obtain  plaisma  enhancement.  In  the 
upper  section  of  this  photomicrograph,  the  tortuous 
tumor  neo vasculature  can  be  seen,  contrasting  the  pre¬ 
existing  underlying  muscle  capillaries  seen  in  the 
lower  section.  Figure  2  (bottom  left)  was  obtained  out¬ 
side  the  tumor  area,  showing  pre-existing  straight 
muscle  capillaries.  Figure  2  (bottom  right)  ^ows  the 
tumor  cuea  illustrating  the  higher  vascular  density  at 
the  tumor  site. 

Figure  3  presents  photomicrographs  of  tumor  sphe¬ 
roids  from  the  control  group  (left)  and  from  the  group 
treated  with  the  anti-VEGF  antibody  (right),  taken  at  3 
days  (top),  at  7  days  (middle),  and  at  14  days  (bottom) 
after  implantation,  using  the  Leitz  25  x  objective.  In 
these  photomicrographs,  vascular  enhancement  wais 
obtained  with  Fl'l  C-dextran  (epi-illumination,  12  fil¬ 


terblock),  which  allows  visualization  of  the  microvas¬ 
culature.  Figure  3  (top  left)  shows  that,  in  the  control 
group,  at  3  days  after  implantation,  there  are  dilated 
and  tortuous  capillaries  with  extensive  budding, 
whereas  in  the  treated  group,  there  is  only  slight  di¬ 
lation  of  the  capillaries.  At  7  days  after  implantation, 
there  is  an  established  vascular  network  in  the  control 
group,  compared  with  slightly  dilated  capillaries  with 
some  tortuosity  in  the  treated  animals  (Figure  3, 
middle).  At  2  weeks  after  implantation,  tumor  sphe¬ 
roids  implanted  in  control  animals  have  induced  a 
neovasculature  with  extremely  high  vascular  density, 
whereas  in  the  animals  treated  with  the  anti-VEGF 
antibody,  there  is  only  slight  dilation  of  the  underly¬ 
ing  muscle  capillaries  and  some  degree  of  tortuosity. 

Figure  4  shows  representative  histology  of  DU  145 
tumors  in  animals  treated  with  control  antibody  6E10 
(Fig.  4A)  or  A4.6.1  anti-VEGF  antibody  (Fig.  4B).  Sec¬ 
tions  from  control  animals  showed  nodules  of  poorly 
differentiated  tumor  abutting  on  the  deep  surface  of 
subcutemeous  skeletal  muscle.  Tumor  cells  had  a  high 
degree  of  nuclear  pleomorphism  and  abundant  eosin¬ 
ophilic  cytoplasm.  The  mitotic  indices,  expressed  as  a 
percentage  of  the  total  number  of  tumor  cells,  were 
consistently  Jess  than  1%.  All  but  one  tumor  showed 
prominent  angiogenesis  adjacent  to  and  within  the  tu¬ 
mors  (Fig.  4A).  Tumors  in  treated  animals  were  thin¬ 
ner  than  those  in  the  iintreated  controls  (Fig.  4B).  Cy- 
tologically,  the  malignant  cells  appeared  similar  to 
that  observed  in  control  animals,  with  marked  nuclear 
atypia.  Mitotic  indices  were  again  less  than  1%.  In  two 
animalS/  a  few  capillary  vessels  were  seen  adjacent  to 
the  tumors,  in  neither  of  these  were  vessels  seen 
within  the  tumors.  No  angiogenic  response  was  ob¬ 
served  in  any  of  the  other  animals  examined. 

Figure  5  (left)  shows  growth  curves  in  terms  of  rela¬ 
tive  tumor  area  for  control  emimals  and  treated  ani¬ 
mals.  Since  there  was  no  significant  difference  in 
growth  characteristics  between  the  animals  treated 
with  the  control  antibody  as  compared  with  the  ani¬ 
mals  treated  with  PBS,  they  were  combined  in  one 
control  group  (n  =  10).  At  implantation,  the  areas  of 
tumors  in  the  control  group  was  0.37  ±  0.02  mm^  and 
in  the  treated  group  0.37  ±  0.02  mm®.  Three  days  after 
implantation,  the  areas  in  the  control  cmimals  had 
grown  to  1.0  ±  0.07  mm®  and  in  the  treated  group  to 
0.97  ±  0.04  mm®  (P  *=  0.6).  Seven  days  after  implanta¬ 
tion,  there  was  a  significant  difference  in  tumor  area; 
1.12  *  0.11  mm®  in  the  control  group  versus  0.92  ±  0.06 
mm®  (P  0.02)  in  the  treated  group.  At  the  end  of  the 
2-week  observation  period  there  was  an  even  more 
pronounced  difference;  tumors  in  the  control  group 
had  grown  to  1.56  ±  0.12,  compared  with  tumors  in  the 
treated  group,  which  had  grown  to  only  0.87  ±.  0.04  (P 
<  0.01).  Figure  5  (right)  shows  the  angiogenic  activity 
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